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Abstract. The most important component in assuring safety of the nuclear power plant is the reactor 
pressure (RPV). Surveillance programs have been designed to cover the licensed life of operating 
nuclear RPVs. The original surveillance programs were designed when the licensed life was 40 years. 
More than one-half of the operating nuclear plants in the USA have an extended license out to 60 
years, and there are plans to continue to operate many plants out to 80 years. Therefore, the 
surveillance programs have had to be adjusted or enhanced to generate key data for 60 years, and now 
consideration must be given for 80 or more years. To generate the necessary data to assure safe 
operation out to these extended license lives, test reactor irradiations have been initiated with key 
RPV and model alloy steels, which include several steels irradiated in the current power reactor 
surveillance programs out to relatively high fluence levels. These data are crucial in understanding the 
radiation embrittlement mechanisms and to enable extrapolation of the irradiation effects on 
mechanical properties for these extended time periods. This paper describes the potential radiation 
embrittlement mechanisms and effects when assessing much longer operating times and higher 
neutron fluence levels. Potential methods for adjusting higher neutron flux test reactor data for use in 
predicting power reactor vessel conditions are discussed. 

1. Introduction 

The reactor pressure vessel (RPV) in a light-water reactor (LWR) represents the first line of defense 
against a release of radiation in case of an accident. Thus, regulations, which govern the operation of 
commercial nuclear power plants, require conservative margins of fracture toughness, both during 
normal operation and under accident scenarios. In the unirradiated condition, the RPV has sufficient 
fracture toughness such that failure is implausible under any postulated condition, including 
pressurized thermal shock (PTS) in pressurized water reactors (PWRs). In the irradiated condition, 
however, the fracture toughness of the RPV may be degraded, with the degree of toughness loss 
dependent on the radiation sensitivity of the materials. The available embrittlement predictive models, 
such as the Eason-Odette-Nanstad-Yamamoto (EONY) model [1] used in the alternative PTS Rule, 
10CFR50.61a [2], and our present understanding of radiation damage are not fully quantitative, and 
do not treat all potentially significant variables and issues, particularly considering extension of 
operation to 80 years. 
 
The major issues regarding irradiation effects are discussed in References [3,4]. Of the potential 
significant issues discussed, the one considered to have the most impact on the current regulatory 
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process is that associated with effects of neutron irradiation on RPV steels at high fluence, for long 
irradiation times, and as affected by neutron flux. It is clear that embrittlement of RPV steels is a 
critical issue that may limit LWR license life extension. The primary objective of the Department of 
Energy (DOE) Light Water Reactor Sustainability Program (LWRSP) task on RPV issues is to 
develop robust predictions of transition temperature shifts (TTS) at high fluence (φt) to and exceeding  
1020 n/cm2 (E > 1 MeV)† pertinent to plant operation of some PWRs for 80 years. New and existing 
databases need to be combined to support developing physically-informed models of TTS for high 
fluence, low flux (φ < 1011/n/cm2-s) conditions, beyond the currently existing surveillance database, 
to neutron fluences exceeding 1020 n/cm2. In this regard, critical issues related to vessel integrity that 
must be resolved include (1) interpretation of high flux data at high fluence that may be confounded 
by rate effects; (2) understanding the potential and conditions for slow formation of hardening phases 
such as Mn-Ni-Si rich clusters/precipitates; and (3) the efficacy of post-irradiation thermal annealing 
to remediate hardening resulting from those new phases. 
 
Figure 1 [3] shows TTS data relative to the EONY model predictions from a combination of small 
amount of commercial reactor surveillance and many high flux/high fluence test reactor irradiations 
[5]‡. The EONY model, derived from physically based fits to the power reactor surveillance database 
[1], exhibits increasing non conservatism with increasing fluence and significantly under-predicts the 
data at high fluences. 

 

 
FIG. 1. Difference between EONY predictions and measured TTS as a function of fluence for 
combined test reactor and power reactor data, showing ±2σ bounds for the EONY predictions 

It has been shown that these non-conservative predictions may be (at least partly) an artifact of high 
flux levels in the test reactor irradiations. Unfortunately, it is necessary to use accelerated irradiation 
experiments to reach high fluence in a relatively timely manner. Therefore, a physical understanding 
of flux effects is essential to enable predictions of irradiation embrittlement at high fluences. 

 
Development of new models will, of course, build on the results attained from many very successful 
programs focused on prediction of embrittlement for low to intermediate flux and for fluence levels to 
the originally licensed 40 years of vessel life (less than 5 × 1019 n/cm2). New features of these new 
models will include improved treatment of flux effects, so-called late blooming phases (LBP), and 
other possible damage phenomena that may occur at high fluences but that are not treated in current 
models. 
 
This paper describes several activities related to acquiring the needed data in a time efficient manner.  
One key avenue is collection of data at neutron flux levels higher than those used in commercial 
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surveillance programs. The Advanced Test Reactor (ATR-2) at the Idaho National Laboratory (INL) 
National Scientific User Facility (NSUF) is being used to generate key data on commercial 
surveillance materials and other steel alloys. The joint University of California, Santa Barbara 
(UCSB) and Oak Ridge National Laboratory (ORNL) irradiation project is described in detail as it 
will generate data for making projections into the future at lower neutron fluxes. Other longer-term 
programs being developed in the nuclear power industry are described first. 

2. Description of U.S. Reactor Surveillance Programs 

Commercial RPV surveillance programs have been in existence from the beginning of the nuclear 
industry. These programs were originally intended to be a simple design verification to assure that the 
assumptions made were adequate for safe operation of the nuclear plants. It turns out that the results 
from the surveillance programs have become crucial in terms of defining embrittlement trends since 
the steels that contained higher levels of the tramp element copper showed a significantly higher 
degree of embrittlement than originally assumed. The synergistic effect of the alloying element nickel 
in the RPV steels, with these relatively high levels of copper, exacerbated the degree of embrittlement 
even more. Phosphorus also was known to have an enhanced embrittling effect, but its effect for U.S. 
produced RPV steels was confounded with the effects of copper; when the RPV steels have higher 
copper contents, they also tend to have higher phosphorus contents, which make it difficult to sort out 
the individual contributions. With the advent of fine scale microstructure measurement methods such 
as atom probe tomography, additional elements have been added to the list of those associated with 
embrittlement phases in the RPV steels. Manganese, in particular, has been identified with regard to a 
potential clustering effect with nickel at higher fluence levels, even with little or no copper. Silicon 
also tends to show up in these local cluster areas where nickel, phosphorus, and manganese have 
segregated. The EONY embrittlement model has all of these elements included except for silicon. 

The surveillance programs have evolved over time since the initial RPV construction in the 1960s and 
into the 1970s when vessel construction was halted in the U.S. Different versions of ASTM E 185 [6] 
have provided key guidance in conjunction with Appendix H of Title 10 of the Code of Federal 
Regulations, Part 50 (10 CFR 50, Appendix H) [7]. These programs have produced data for 
effectively the entire range of RPV steels in all operating plants, and almost 1000 data currently exist 
(although limited at this time for high fluence, as mentioned earlier).   

The current programs have produced data spanning fluences representing the original 40 year license 
and slightly beyond. With the renewed license period already extended another 20 years for 70% of 
the nuclear PWR fleet, higher fluence data will be generated to assure validity of the embrittlement 
model. Some limited data currently exist, but with the increased concern for an additional 
embrittlement mechanism at higher fluences, the industry has responded by developing the 
coordinated reactor vessel surveillance program (CRVSP) [8] to facilitate obtaining more high fluence 
data (and a few data points sooner) than using the current surveillance programs.   

3. Long-Term Operation Programs in the USA 

The industry is focusing on potential license renewal for another 20 years, and research programs are 
underway by the industry, DOE, and NRC. The DOE LWRSP has been mentioned earlier, as well as 
the UCSB/ORNL ATR-2 experiment, which will be described in more detail later in this paper. 

The commercial industry program is being coordinated and funded through EPRI and is termed long 
term operation (LTO). Relative to RPV issues, a key cooperative program called the Nuclear Plant 
Life Extension Demonstration (NPLED) Project has been developed involving Constellation Energy 
Nuclear Group (CENG, which has just recently merged with Exelon Nuclear), the EPRI LTO 
program, and DOE, Office of Nuclear Energy, contractors at ORNL and Idaho National Laboratory 
(INL) under the LWRSP. The Ginna nuclear power plant is a 580 MW pressurized water reactor 
(PWR, two-loop), supplied by Westinghouse, located on Lake Ontario approximately 35 km from 
Rochester, NY and has been in commercial operation since July 1970. The Nine Mile Point Unit 1 
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nuclear power plant is a 620 MW boiling water reactor (BWR, BWR-2, Mark 1)) located on Lake 
Ontario approximately 70 km from Syracuse, NY and has been in commercial operation since 
December 1969. Both units have moved beyond forty years of life into their sixty year license renewal 
period, which makes them ideal units to gain further insight into the potential issues for license 
renewal beyond sixty years.  

One task that has been initiated involves surveillance materials from Ginna that have a fluence as high 
as 5.8 × 1019 n/cm2 and demonstrated irradiation-induced changes due to the high copper content in 
the girth weld metal. Five capsules have been removed and tested over the course of reactor operation 
with Charpy impact 41J shifts from 82 to 121°C. A few of the broken test specimens from the three 
highest fluence capsules were located at the Westinghouse hot cell facility and have been shipped to 
ORNL. The plan is to perform fine-scale microstructural examination of the specimens using atom 
probe tomography and small-angle neutron scattering under the LWRSP. 

As mentioned earlier, the CRVSP has been developed to provide more high fluence data in the future 
than would have been obtained with the current plant-specific surveillance programs.  The CRVSP 
relies on deferral of some of the remaining capsule tests, not an increase in the number of capsule 
tests; furthermore, the data will be obtained over time and will not provide a large body of data in the 
near future. The industry also is considering the initiation of a PWR supplemental surveillance 
program (PSSP) to generate more high fluence data within the next 12 years. This program would use 
already irradiated and tested Charpy specimens from past surveillance programs, irradiate the 
materials to higher fluences in a host PWR, and reconstitute the Charpy specimens for testing. This 
PSSP would produce a significant amount of new data which when coupled with CRVSP should 
answer the concern for enhanced embrittlement at high fluence levels. Note that the PSSP is currently 
in the conceptual stage, and funding for implementation is uncertain since it is an expensive 
undertaking. 

The NRC has a program that is termed Life Beyond 60 (LB60), which is focused on identifying 
potential gaps that may exist for plants wanting to extend their license for a second 20 years. At this 
time relative to the RPV, no specific high fluence programs have been initiated. The NRC has, 
however, funded a project at ORNL to assemble a comprehensive database of internationally 
available irradiation data from both surveillance programs and test reactor programs. There are also 
long term operation programs in other countries, with one example being the PERFORM 60 program 
in Europe [9].   

4. UCSB/ORNL ATR-2 Irradiation Project and Commercial Reactor Surveillance Materials 

As stated in the Introduction, the primary objective of the LWRSP RPV task is to develop robust 
predictions of transition temperature shifts (TTS) for the low flux-high fluence conditions to at least 
1020 n/cm2 pertinent to plant operation for 80 full power years. In support of development of a high 
fluence database, an irradiation experiment is currently underway at the ATR-2 [4,10]. The 
experiment was awarded to UCSB and its collaborator, ORNL, with full funding for the facility 
provided by DOE through the NSUF.  The scientific experiment was designed by UCSB in 
collaboration with ORNL.  The 172 alloys comprised in the experiment were acquired by UCSB and 
ORNL, including those contributed by Rolls Royce Marine (UK), Bettis Atomic Power Laboratory 
(US), and the Central Research Institute for the Electric Power Industry (Japan). Notably, the Rolls 
Royce contribution included more than 50 new alloys. 
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Additionally, surveillance materials from various operating nuclear reactors were included to enable a 
direct comparison of results from a test reactor at high flux and power reactors at low fluxes. Table I 
lists the selected materials. These materials have been selected based not only on their coverage of 
typical RPV base and weld metals and chemical composition, but also on their inclusion in 
surveillance capsules that have fluences greater than about 5 × 1019 n/cm2. Direct comparisons of 
results from surveillance and ATR-2 test reactor conditions at high fluences will be possible from this 
matrix of RPV steels. 

The UCSB ATR-2 experiment includes approximately 1625 small specimens in three basic 
geometries. These include: tensile specimens, for a large matrix of alloys; so-called multipurpose 
coupons that will support microhardness, shear punch, and a wide variety of microstructural 
characterization studies (e.g., small-angle neutron scattering, atom probe, etc.) for all the alloys; and, 
20-mm diameter disc compact tension (DCT) fracture specimens for three alloys - the Palisades B 
weld and two UCSB forgings (CM17 and LP). The test assembly includes a thermal neutron shield 
and active temperature control with three major regions at nominal temperatures of 270, 290 and 
310°C, and one small region at 250°C. 

The specimens are being irradiated at a peak flux of about 3.3 × 1012 n/cm2-s to a fluence near  
0.9 × 1020 n/cm2. The objective is to obtain a high f1uence, intermediate flux database to couple to a 
large body of existing data for a large set of common alloys (≥ 100) irradiated over a wide range of 
flux and fluence, as indicated in Fig. 2. The mechanical property measurements will be accompanied 
by extensive microstructural characterization studies including SANS and X-ray diffraction-scattering 
(XRDS), resistivity-Seebeck coefficient (RSC), atom probe tomography (APT), positron annihilation 
spectroscopy (PAS), and transmission electron microscopy (TEM).  

A major effort will be made to use a suite of advanced microstructure characterization tools to 
identify the detailed nature of all embrittling mechanisms including unstable matrix damage (UMD) 
that tends to only exist in high flux irradiations. Figure 3 shows results from an APT evaluation of a 
1.6 wt% nickel and 1.6 wt% manganese steel-type alloy with no measurable copper.  Clustering of 
nickel and manganese occured during irradiation. These types of non-copper clusters, predicted in the 
1990s [11], have also been identified in RPV steels as an additional embrittlement mechanism using 
advance microstructure characterization tools [12,13]. 

 
Table I. Archival surveillance materials supplied by Westinghouse and Florida Power and Light for 
the ATR-2 experiment 
 

Plant Material Heat Number 
Cu-Ni Composition, 

wt% 
Farley Unit 2 SMAW BOLA 0.03-0.9 
Farley Unit 2 Plate, SA533B-1 C7466-1 0.2-0.6 
V.C. Summer Linde 124 Weld 4P4784 0.05-0.91 

Kewaunee Linde 1092 Weld 1P3571 0.22-0.72 
Maine Yankee Linde 1092 Weld 1P3571 0.36-0.78 
Farley Unit 1 Linde 0091Weld 33A277 0.14-0.19 
Beaver Valley 

Unit 2 
Plate, SA533B-1 B9004-1 0.05-0.56 

Kewaunee Forging, SA508-2 B6307-1 0.06-0.75 
Turkey Point 

Unit 4 
Linde 80 Weld 

71249 (SA-
1094) 

0.29-0.6 
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FIG. 2. Schematic depiction of the flux/fluence range for the ATR-2 experiment, showing overlap of 

existing data 

 

FIG. 3. Atom Probe Tomography maps of nickel and manganese distributions and a blowup of a Mn-
Ni precipitate in a copper-free 1.6 wt.% Ni-1.6 wt.% Mn model alloy irradiated to 1.8 × 1019 n/cm2 at 

high flux and 290°C 

The UCSB ATR-2 irradiation test assembly was completed in late spring of 2011 and was 
successfully installed in the ATR-2 on May 26, 2011. The irradiation began on June 7, 2011 and will 
achieve its target fluence of 0.9 × 1020 n/cm2 in the autumn of 2012. Thermocouple monitors show 
that the specimens are generally being irradiated at or close to their target temperatures. 

5. Summary 

Since 70% of the operating nuclear plants in the U.S. have an extended license out to 60 years, and 
there are plans to continue to operate many plants out to 80 years or more, data at high fluences 
indicative of these extended license time periods are needed to assure RPV integrity. The current 
surveillance programs have had to be adjusted and enhanced to generate key data for 60 years, and 
now consideration must be given for 80 or more years. To generate the necessary data to assure safe 
operation out to these extended license lives, test reactor irradiations have been initiated with key 
RPV and model alloy steels, which include several steels irradiated in the current power reactor 
surveillance programs out to high fluence levels. These data are crucial in understanding the radiation 
embrittlement mechanisms and to enable extrapolation of the irradiation effects on mechanical 
properties for these extended time periods. Potential methods for adjusting higher neutron flux test 
reactor data for use in predicting power reactor vessel conditions are expected from this work. 
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