


AMP162 PWR REACTOR PRESSURE VESSEL (VERSION 2023) 
Programme Description
This ageing management programme (AMP) is a component-specific programme for the reactor pressure vessel (RPV) components of PWRs, including WWERs, that covers degradation mechanisms of the RPV (reactor vessel, lower and upper heads) and the activities necessary to manage the ageing mechanisms. As such, this AMP refers to other degradation-specific AMPs that deal with particular degradation mechanisms and ageing effects (AMP101, AMP110, AMP111, AMP118, AMP152 and AMP160). The reactor vessel is cylindrical with a hemispherical lower head (bottom dome) and a flanged and gasketed upper head. The reactor vessels have been fabricated by two methods: a) rolled plates welded with longitudinal and circumferential welds (PWR) and b) forged cylindrical shells with circumferential welds (PWR and WWER). However modern PWR reactor vessels do not have longitudinal welds in their constructions. Shell sections are made from individual ring forgings. Most new PWR vessels are fabricated from sufficiently large forgings that the mid-section of the core is covered by a single forging and the circumferential welds are displaced to regions of lower neutron flux. Also, modern WWERs reactors do not have welds in the upper head and bottom dome (e.g. WWER-1000, WWER-1200) except for the circumferential welds which connect the upper head to the flange and bottom dome to the lower shell. The upper head is joined to the vessel by a flanged and bolted joint.
The material of the vessel and heads is of low-alloy carbon steel. To minimize corrosion, the inside surfaces in contact with the primary coolant are clad with austenitic stainless steel. The cladding is applied in one or two layers by multiple-wire, single-wire, strip-cladding, or resistance welding processes. There are some WWER-440 RPVs (e.g. Russian Novovoronezh 4 NPP/V-179 and Kola 2 NPP/V-230) which do not have austenitic stainless-steel cladding.
The programme includes activities for inspecting, detecting, preventing, monitoring, mitigating and evaluating the ageing degradation effects of the RPV components of the PWR and WWER reactors [1, 2]. 

Evaluation and Technical Basis
1. Scope of the ageing management programme based on understanding ageing:
The scope of the programme includes the reactor vessel, flange joint, upper and bottom heads, inlet and outlet nozzles as well as RPV control rod drive mechanism (CRDM), thermal sleeves and bottom-mounted instrumentation (BMI) nozzles. The scope of the programme does not include closure bolting components of the reactor vessel head (studs, washers, bushings, nuts and flange threads) because they are adequately managed in accordance with AMP104. The following ageing degradation mechanisms are considered in this AMP:
· Neutron irradiation embrittlement; 
· Thermal ageing (thermal embrittlement); 
· Fatigue (low-cycle and environmentally assisted fatigue);
· Stress corrosion cracking (primary water stress corrosion cracking);
· General corrosion, crevice corrosion and pitting;
· Boric acid corrosion;
· Wear. 
Neutron irradiation embrittlement
The materials of the reactor vessel (base metal, welds, corrosion-resistant cladding) are exposed to the radiation action of fast neutron flux. The overall effect is that ferritic steels experience an increase in hardness and tensile properties and a decrease in ductility and toughness, under certain conditions of radiation. Due to neutron irradiation, the brittle-ductile transition temperature shifts to a higher temperature, which increases the likelihood of brittle fracture of the RPV. The rate of radiation embrittlement depends on factors that include temperature, neutron flux and the content of certain chemical elements, principally nickel, manganese, copper and phosphorus in the material. The most critical area for irradiation embrittlement is the beltline region (the area opposite to the reactor core). However, areas). AMP118, AMP152 and AMP160 are focussed on managing the loss of the RPV above and below the active core should also be considered in RPV Integrity evaluations if their fracture toughness due to neutron irradiation embrittlement is sufficiently high.  This is discussed further in U.S. NRC RIS 2014-011 [3-4] which defines “sufficiently high” (in terms of neutron fluence) as being above 1E+17 n/cm2 (E > 1.0 MeV).  . all susceptible low alloy steel with or without stainless steel or, nickel-alloy cladding or without cladding. 
Thermal ageing (thermal embrittlement)
Thermal ageing is a temperature, material state (microstructure), and time dependent degradation mechanism that decreases material toughness. In the process of operation, the reactor vessel (base metal and welds) is exposed to high temperatures (260 – 325 °С), which may lead to thermal ageing and change the level of the mechanical properties and service characteristics of the material. The critical locations for thermal ageing are vessel shells (intermediate shell, lower shell including beltline weld, upper shell) and nozzles (e.g. inlet, outlet and safety injection), operating EPRI report (MRP-438, 3002016009) summarizes the available thermal ageing data, identifies materials and components susceptible to thermal ageing, and provides recommendations for follow-up testing [5].
Low cycle fatigue
Low cycle fatigue is caused by cyclic loading of systems, structures and components during operation. The critical components are vessel shells, flange, head nozzles, nozzle safe ends, penetrations, thermal sleeve and welds. The fatigue behaviour depends on various parameters such as stress region, (e.g. stress magnitude), cyclic loading, surface roughness and external conditions.
Primary water stress corrosion cracking
Primary water stress corrosion cracking (PWSCC) is defined as the intergranular cracking of nickel-base alloys that requires the presence of high applied or residual stress, susceptible microstructures (few intergranular carbides), and a typical PWR primary water environment (including the associated normal PWR operating temperatures).. The critical components for cracking due to PWSCC include dissimilar metal welds of the head CRDM penetrations, bottom-mounted instrumentation (BMI) nozzles inlet (cold leg), outlet (hot leg), safety injection nozzle safe ends. and some vessel internals attachment welds. AMP111 and AMP163 are focused on managing the effects of cracking due to PWSCC of all susceptible nickel alloy-based components of the reactor coolant pressure boundary, including nickel-alloy butt welds (600/82/182).
General corrosion, crevice corrosion and pitting
This type of corrosion can be observed on the inside surface of the reactor vessel when protective austenitic stainless-steel cladding has not been applied or when the cladding has been removed via repair process or by wear. All unalloyed or low alloyed ferritic steels are subject to the formation of a magnetite protective layer as a consequence of the reaction between the water and the steel at operating temperature. Nevertheless, surface corrosion and pitting is attributed to oxygen pick-up by the PWR water during shutdown periods with the oxygen remaining in the primary system for a period after startup, rather than the corrosion occurring in the presence of properly controlled water chemistry [2].
Boric acid corrosion
Boric acid corrosion is a potential degradation mechanism for carbon and low alloyed steels when boric acid on the wetted by a concentrated boric acid solution. Areas of specific concern for the component: RPV include the upper head and bottom dome adjacent to the nozzles and the upper head closure studs (though not managed under this AMP). This could result from leaking CRDM penetrations and bottom instrument tubes, as well as uncontrolled leakage from the secondary flange seal ring. 
Wear
Degradation due to wear may  occur  during  maintenance  operations  concerned  with  opening  and closing of the RPV head. The sealing faces of the RPV flanges are subject to ageing degradation and require to be cleaned, and potentially repaired as part of normal maintenance. The degradation can be detected by visual inspection long before the effects of wear begin to compromise the RPV structural integrity.

2. Preventive actions to minimize and control ageing degradation:
The programme identifies the preventive actions defined as those that are necessary to prevent or minimize initiation of degradation during normal operation.
The operator's practices have an influence on the operating parameters of the reactor installation and their actions have a significant role for implementing the programme for decreasing the degradation of the RPV metal through management of the allowable limits. For example, preventive actions during unit startup and shutdown:
· Observance of temperature and pressure restrictions during reactor heating up and shutdown cooling per the appropriate Codes and Standards in the country of plant operation, i.e. ASME, JSME, RCC-M, etc.;
· Prevention of thermo-hydraulic transients and conditions leading to pressurized thermal shock. 
Enhancing the Long-term scheduling of predictive maintenance and repair (M&R) by optimising periodicity and scope of activities covered.
Low cycle fatigue, PWSCC and reducing of boric acid corrosion preventive actions are addressed in relevant programmes: AMP101, AMP111 and AMP110, respectively.
Monitoring and management of water chemistry during normal operation to  prevent potential adverse effects of water chemistry on the ageing mechanisms (corrosion) and to minimize contamination of components (surfaces) made from carbon and low alloyed steels. The programme description, evaluation and technical basis for monitoring and maintaining of reactor coolant chemistry are addressed in AMP103.
This programme may also rely on minimization of neutron irradiation of RPV material using fuel management approaches such as low leakage zone configurations.
Regarding wear, design changes may be required, for example, size increase on the thermal sleeves to reduce wear, by increasing the size of the wear pads and the distance between the pads.
Regarding general corrosion, where stainless steel cladding is not present, the RPV flange can be coated to prevent general corrosion.

3. Detection of ageing effects:
For each RPV ageing effect, the state parameters to be controlled are determined, as well as the technique for performing controls to ensure effective ageing management of the elements under consideration.
The in-service inspections are intended to detect cracking due to PWSCC, crack growth due to cyclic loading, loss of material due to boric acid corrosion, general corrosion, crevice corrosion or pitting and wear. The following non-destructive examination (NDE) methods may be used according to applicable national regulations (e.g. [6-9]) and recommendations addressed in AMP102: visual testing (VT), dye penetrant testing (PT) or magnetic particle testing (MT), eddy current (ECT) and ultrasonic testing (UT). In addition to RPV internal remote UT, some IAEA member states countries operating WWER-1000 also carry out RPV external examination by remote UT of the under supporting shell welds and by manual examinations of the over supporting shell welds, such as UT, VT and PT/MT. The frequency and scope of NDE shall be regulated in accordance with national NDE programmes/instructions. The inspections and monitoring are performed by qualified personnel using qualified techniques in accordance with approved licensee procedures. The reliability of flaw detection and sizing are confirmed by the UT system qualification of the RPV components in accordance with [7, 9-12].
The management of thermal ageing and neutron irradiation embrittlement is carried out by RPV surveillance programmes. The objective of the reactor vessel material surveillance programme is to provide sufficient surveillance specimens and dosimetry data to: 
· Monitor irradiation and thermal embrittlement until the end of the operation period;
· Determine the need for operating restrictions (e.g. operating pressure and temperature limits, and the neutron fluence limit for continued operation).
The programme description, evaluation, and technical basis of the RPV surveillance programme are addressed in AMP118, AMP152 and AMP160. In addition, prediction of embrittlement is addressed in TLAA102.
The cumulative effect of fatigue is addressed by AMP101.

4. Monitoring and analysis of trends for ageing effects:
The methods for monitoring, recording, evaluating, and trending the data that result from the programme’s inspections shall provide for identification of adverse ageing trends such that corrective action can be performed as necessary in a timely manner.
Fracture toughness reduction monitoring
The reduction of fracture toughness of reactor vessel beltline materials occurs due to both neutron irradiation embrittlement and thermal embrittlement and the long-term operating conditions (cold leg operating temperature and neutron fluence) that could affect the reactor vessel embrittlement. The programme description of mechanical properties monitoring by accumulated neutron fluence, and surveillance specimens programme are addressed in AMP118, AMP152 and AMP160.
Consistent with national requirements, the initial pressure-temperature (PT curve) curves are drawn based on initial material testing and are a part of the technical specifications. After testing of RPV surveillance capsules, revised PT curves can be drawn to monitor the shift in nil ductility temperature as the plant operates. 
Pressurized thermal shock (PTS) is a limiting condition related to reactor vessel integrity under severe transient conditions. Vessel embrittlement and the shift in nil ductility temperature directly impacts on PTS and vessel integrity. TLAA102 is used to predict vessel embrittlement.
ISI results from monitoring and trending 
To facilitate monitoring and trending of RPV metal conditions the data of inspection results are collected, compared and assessed to make predictions for the future. For example, a comparison of the current UT results with previous ones is performed in order to determine the indications growth rate.
Actual number of cycles monitoring
Monitoring and trending the RPV operational history, i.e. the sequence of operational transients characterised by pressure and temperature time courses, can enable the periodic fatigue evaluation in critical locations of the RPV, as discussed in AMP101.
  
5. Mitigation of ageing effects: 
The activities referred to attribute 2 are implemented to mitigate effects of ageing degradation. 
Neutron irradiation embrittlement can be mitigated by flux reduction (fuel management implementing a low neutron leakage core or shielding elements) or by thermal annealing of the reactor vessel.
Control the parameters of water chemistry to reduce the impact of corrosion on the primary circuit., consistent with AMP103.
Reducing the impact of operational factors affecting fatigue should also be taken into account., these include flexible operating modes that could induce large temperature transients.

6. Acceptance criteria:
NDE acceptance criteria are provided from applicable national regulations, codes, standards and guidelines [6-9]. 
Strength calculations (cyclical crack growth due to fatigue mechanisms, resistance to brittle fracture for postulated or known discontinuities) are applied relative to estimates the critical size of any crack-like defects that are identified (e.g. [13 - 15]) to determine acceptability.  
Acceptance criteria for mechanical properties are their compliance (conformity) to the RPV and surveillance specimen manufacturer data or technical specifications (for conservative assessment) for a given grade of material (e.g. Russian regulations [16, 17]). 
Mechanical properties prediction methods of RPV irradiated welded joints are applied as described in AMP152.                                                               
The approaches to the RPV embrittlement acceptance criteria are addressed in AMP118 and AMP152 (for WWER). 
The approaches to the neutron fluence values acceptance criteria are addressed in AMP160.  The activities for verification and validation of the neutron fluence at the RPV are presented in AMP152. 
The maximum number of loading cycles is usually specified in the design documentation (technical specifications, normative documentation, component passport) of the NPP considering the extended plant operating period.
Acceptance criteria of the fatigue cumulative usage factor "CUF", both with and without taking into account the environment influence “CUFen”, are addressed in AMP101.

7. Corrective actions:
Corrective measures shall be carried out in accordance with the instructions, design rules, codes and standards applicable at NPP.
To satisfy the safety requirements, further evaluation to demonstrate fitness-for-service of the component until the end of the next periodic inspection interval may be required. Examination results and flaws that exceed the acceptance criteria given in the governing requirements or guidance documents may require analytical evaluation (e.g. new strength calculations [14, 15, 18]), repair in order to eliminate the defect, or modifications for continued service until the next inspection, as well as supplementary examinations to further characterize the detected condition.
When suitable in some cases, changes in operational regimes could be applied. 

8. Operating experience feedback and feedback of research and development results:
This AMP addresses the industry-wide generic experience. Relevant plant-specific operating experience is considered in the development of the plant AMP to ensure the AMP is adequate for the plant. The plant implements a feedback process to periodically evaluate internal and external plant and operating experience along with research and development (R&D) results [19, 20], and, as necessary, either modifies the plant AMP or takes additional actions (e.g. develop a new plant-specific AMP) to ensure the continued effectiveness of the ageing management. 
Appropriate sources of external operating experience are WANO Operating Experience Programme, IAEA IGALL Programme, etc. Effective experience exchange is an important element for implementing continuous improvement in this programme and in defining adequate corrective actions.
Recovery of RPV welds mechanical properties by the process of thermal annealing for WWER-440 reactor vessel welds is extensive.[2] The pilot recovery annealing of the WWER-1000 reactor vessel core welds and base metal of unit 1 of the Balakovo plant was carried out in 2018. 
Experience in the area of thermal ageing and irradiation embrittlement research is reviewed in AMP152 and AMP160. 
Incidents of PWR RPV penetrations and nozzles (CRDM vessel head penetration and BMI penetration nozzle) ageing degradation are identified in IAEA Nuclear Energy Series NP-T-3.13 [19]. Recent operating experience showed accelerated wear of the control rod drive mechanism (CRDM) penetration thermal sleeve [22, 23]. The wear observed is inconsistent with previous wear phenomenon [24] due to the location of failure and fracture surface.  This new type of ageing phenomenon indicates that cracks and eventual failure of the CRDM thermal sleeve can occur at multiple locations [25, 26].
In some WWER-440 plants geometrical instability (buckling) of the CRDM thermal sleeve was observed (see also WANO report[footnoteRef:2]) which was not an integrity problem but might cause serious safety issue, i.e. by leading to a control rod getting stuck. The reason of this phenomenon was that low-cycle fatigue during heating up and cooling down due to the different thermal physical properties of the materials took place in the upper welded joint between the penetration and the sleeve. As a result of the fatigue process, primary water penetrates through the microcracks into the gap between the tube and the sleeve. In the course of heating up the microcracks close and the medium’s thermal expansion generates stresses in the sleeve which exceed the yield strength of the sleeve’s material and lead to buckling. The root cause of the degradation was a design deficiency (extreme high CUF values were calculated in the vicinity of the weld). Since the weld position and geometry do not allow a proper NDE, a specific procedure had to be introduced. With UT it is possible to detect the water in the gap, and thus to identify the increased risk for deformation [27]. [2:  Miscellaneous Event Report WANO Moscow Centre, 2005-018; Defects in Reactor Vessel Head CRDM Nozzles Identified during Planned Maintenance (Novovoronezh Unit 5, 31 July 2005)] 

In the case of WWER-1000 reactor heads failure were observed in the lower welded joint between the penetration and the sleeve. Here a corrosion process in the penetration tube material beneath the sleeve was also detected which led to massive repair works. The root cause of the degradation was that inappropriate repair works of the welded joints were performed in the factory during manufacturing the reactor heads [28].
Experience feedback was done in performing of the RPV welds UT qualification. In 1998, IAEA published a document entitled “Methodology for Qualification of ISI System for WWER NPP” [8] as a suitable framework for developing credible evidence that ISI systems are capable to reliably detect and measure flaws to meet ISI objective. Based on recommendations of the regional project RER/4/020 [29] (1998÷2003), a pilot study to assist member states with practical advice was organized. The key feature of the pilot study was based upon a real component - WWER-1000 RPV core region welds. A project team, led by IAEA with EPRI consultant, was set up with members representing plant, regulatory body, main designer, qualification body and ISI vendor.

9. Quality management: 
[bookmark: _Hlk157612561]In line with SSG-48 [30], Section 4.9 of the IGALL Safety Report [31] gives general information about the expected contents of this attribute in terms of (a) administrative controls, (b) safety analysis report supplements, (c) performance indicators, (d) confirmation (verification) process and (e) data collection and record keeping. Further guidance is available in Paras 3.13.16 – 3.13.17 of SSG-61 [32] on the safety analysis report supplements, in GS-G-3.1 [33] on the confirmation process (paras 6.76 – 6.77 for preventive actions and paras 6.66 – 6.75 for corrective actions), while Section 2 of SRS No. 106 [34] contains good practices on data collection and record keeping for ageing management.
In addition to that the following specific information is relevant for this AMP. Examples of qualitative performance indicators are as below:
Adequacy of AMP
Definition: If it was necessary to modify the AMP because of operating experience of the plant (i.e. AMP appeared to not be proper or properly meet its objectives), the indicator is 1, otherwise 0.
Explanation: Either because of the degradation occurrence, progress or becoming unacceptable or for other technical reason (not appropriate ISI, change of maintenance strategy/tools, change of monitoring device or frequency, etc.) the AMP had to be modified and/or revised. If the reason is only formal/regular review or to reflect an administrative change, the indicator should remain zero.
Performance of AMP activities
Definition: If activities scheduled in the AMP are not completed, the indicator is 1, otherwise 0. 
Explanation: This indicator detects if any preventive, mitigative, ISI, maintenance, monitoring or corrective action did not take place as scheduled.
Data management
Definition: If the parameters measured, monitored, etc., indicated by the AMPs, are analysed and the analysis does not give useful or convincing information (probably compared with non-conformity reports), the AMP or the AMR must be analysed. If true, the indicator is 1, otherwise 0.
Explanation: One of the objectives of the monitoring and trending is to find if the applied AMP is appropriate. If the monitoring results do not provide appropriate information and further actions should be taken to confirm if the AMP is appropriate, the monitoring activity may need to be modified and this could be detected by the indicator.
Correctness of ageing prediction 
Definition: Deviation of predicted and detected aged condition of the component. Ratio of the absolute value of the difference and the predicted value.
Explanation: Comparison of the predicted and measured characteristic parameter of a given degradation mechanism, such as wall thickness, number (or density) of flaws, growth of flaws, embrittlement, hardness, conductivity, settlement, tendon strength. Frequency of evaluation of this indicator needs to be adjusted to the measurement frequency of the parameter (during maintenance, ISI, etc.). 
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