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ABSTRACT 

The degradation in toughness of reactor pressure vessel (RPV) steels during operation is monitored within 

surveillance programs. Since the amount of information which may be acquired within any given 

surveillance program is small, the data are supported by embrittlement trend curves (ETCs) derived from 

larger bodies of data. These are also used to predict future degradation. The ETCs produced in different 

countries have many factors in common, but differ in the precise dependences of embrittlement on 

particular input variables (e.g. steel composition, temperature, neutron fluence …). There appear to be 

significant national differences in the applicability of any curve. This has implications for (i) a country 

with a small reactor fleet using a trend curve derived using data from a large fleet in another country (ii) 

the prediction of embrittlement in New Build plant. Possible reasons for the apparent nation-to-nation 

variations in surveillance behaviour are investigated.  Differences in the ranges of variables included in 

current ETCs seen in different countries (e.g. Cu content, radiation temperature) may have a minor effect.  

The main cause appears to be differences in values of variables not included in current ETCs, such as 

initial yield stress. 

INTRODUCTION

During service Light Water Reactor (LWR) RPVs are subject to radiation damage, which hardens the 

RPV steel, and reduces its ability to withstand crack extension during normal start-up and shut-down, and 

accident scenarios. This embrittlement is monitored within the vessel surveillance program, the results of 

which are interpreted as direct indicators of vessel condition, and with respect to average, anticipated 

behaviour, as identified in an appropriate ETC. A number of ETCs have been published, developing over 

time from simple mathematical functions to formulae more appropriate to the mechanisms considered to 

dominate the development of radiation damage. In all cases, the parameterisation of the ETC is achieved 

by fitting to a particular database, typically surveillance data from a particular country, but sometimes 

including test reactor data to expand the range in variables. Each ETC has a different formulation, based 

on factors the developers considered to be the most important contributors to embrittlement. For countries 

with small reactor fleets (such as the UK), there will be insufficient data to formulate a local ETC. The 

behaviour of the surveillance measurements must, therefore, be assessed against expectations derived 

from the use of a “foreign” ETC. Recent work by Ortner and English (2013), however, indicates that there 

are apparently “national” differences between surveillance data sets, such that ETCs which produce a 

good fit to their “home” surveillance data fit less well to “foreign” data. This is illustrated in Figure 1. 

The Charpy transition temperature shift data are from steels with Cu<0.07wt.%, Ni<1.0wt.% irradiated in 

LWR surveillance locations at fluxes <4x10
12

n.cm
-2

s
-1

, within the US NRC Wide-Ranging Database 

Revision 7 (WRD-R7) from Kirk (2013). The points show the residuals for predictions from different 

ETCs; the trend lines through each set of points are the linear fits produced within Excel, as a guide to the 

eye. Both lines and points are colour-coded for each ETC, as summarised in Table 1. 
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a.  US surveillance data b.  French surveillance data

c.  German surveillance data d.  Belgian surveillance data

Figure 1. Fluence dependence of residuals in individual surveillance data sets within the ‘Plotter’ database 

for a selection of ETCs. 

Table 1. Details of ETCs used in Figure 1. 

ETC Date Country of 

origin 

Calibrated against 

data from 

Reference Colour

E900-02 2001 USA USA Server (2001) Black

WR-C(5) Rev1 2011 USA International database 

(USA-dominated)* 

Kirk (2011) Blue

EDF 900MW 2010 France France Todeschini (2010) Purple

JEAC4201-

2007 

2007 Japan Japan Soneda (2010) Pink

RR/UCSB 2010 UK/USA International* Williams (2010) Green

E900-14 2014 USA International Kirk (2013) Grey

*Data base included significant quantities of Materials Test Reactor data.  Shaded rows indicate ETCs in 

current standards. 

As may be seen, the US E900-02 ETC fits the low-Cu US surveillance data well, in that there is no trend 

in the residuals with fluence, but it underpredicts the French data increasingly with increasing fluence, 

and underpredicts the Belgian data even more. Conversely, the French EDF 900 MW ETC slightly 

underpredicts the shifts in US data at low fluences but overpredicts at high fluences, slightly 

underpredicts this sub-set of French surveillance data, and fits the Belgian data better than E900-02, 

although it still underpredicts the Belgian data significantly at high fluences. These variations in 

predictability gave rise to two questions: (1) How should a country with a small reactor fleet decide which 

is the most appropriate ETC to use to predict the behaviour of current plant? This is particularly important 

when considering lifetime extension, when relatively small changes in mean trends or confidence bounds 

translate into several years of safe operation.  (2) Which ETC would best predict embrittlement in new 

plant built which, for example, might be built in the UK, according to a French/US design of reactor, 

using a beltline forging produced in Japan, operated according to UK procedures? 

Answering these question requires that causes of the apparently “national” differences be understood, so 

that the significant factor determining whether a reactor be defined as a UK, French, US or Japanese plant 
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from the point of view of embrittlement prediction can be identified. In addition, achieving this 

understanding is the first step in developing a meaningful internationally-applicable ETC capable of 

predicting embrittlement in current plant and New Build with acceptable margins. 

Sources Of Apparently “National” Effects 

The underlying mechanisms of embrittlement will not differ in the US, France and Belgium, so the 

apparently “national” difference in the quality of prediction must relate to the forms and parameterisation 

of the ETCs. NNL first investigated the possibility that the databases against which the different ETCs 

were fitted might happen to contain different ranges in the variables included in the formulae (e.g. the Mn 

levels might be higher in one database than another, the relation between flux and temperature might 

differ etc.). Given the necessary simplification of the dependences, the accuracy of each ETC’s 

predictions would diminish in parts of “variable space” outside the well-populated parts of their own 

databases. “Variable space” does differ somewhat from country to country but comparisons between the 

US and Belgian data (which behave particularly differently in Figure 1) showed that the ETC input 

variables associated with the Belgian data lie within well-populated parts of the US variable ranges.  It 

was concluded, therefore, that differences in the variable ranges were minor contributors to the “national” 

effects. These were more likely to have arisen from the influence of variables which were not included 

explicitly within the ETC. These would be variables exerting only minor effects on embrittlement which 

would become evident only with large databases, as produced when national data sets are combined. 

There are a number of factors which are known to affect radiation hardening and embrittlement, which 

are not included explicitly in the ETCs in Table 1. Such factors include, levels of N and dissolved C in the 

steel, and the initial material hardness, Little and Harries (1970), McElroy and Foreman (1994). Given 

that the sources of materials and the detailed material specifications (and hence both details of material 

composition and start-of-life mechanical properties) can vary from country to country, these variables 

could also vary from country to country, inducing an apparent national effect.  In addition, different 

reactor designs and different manufacturers dominate the reactor fleet in different countries, possibly 

leading to: 

• Different neutron spectra at capsule locations in different reactor designs, producing different 

ratios between the fluence (the variable used in most ETCs) and the dpa (the more accurate 

damage correlate); 

• Different heat treatments being used by different manufacturers, producing different initial 

hardnesses / transition temperatures / start-of-life microstructures in a given steel (a plausible 

cause of the use of a specific product form term for plates produced by Combustion Engineering 

in US ETCs). 

In addition to these known effects, there are country-to-country variations which may affect 

embrittlement, although the manner is less clear: 

• The origin of the steel will affect the level of minor elements (e.g. V, Al) with an uncertain effect 

on radiation damage.  

• The permitted range for operational processes such as heat-up and cool-down rates are specified 

by national regulators, and differences in these procedures would be relevant if transient effects 

or annealing during heat-up ad cool-down were important.  

Some of these options are more readily investigated than others, in that the requisite information is 

reported in surveillance capsule reports or the open literature.  Others (such as manufacturing heat 

treatment) are particularly difficult to obtain for reasons of commercial confidentiality.  This paper

investigates two of the factors listed above which may reasonably be expected to affect embrittlement and 
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for which data may be obtained from open sources:  the initial yield stress and the dpa:fluence ratio at the 

capsule location. 

RESULTS 

Dpa:Fluence Ratio 

The radiation exposure in the ETCs in Table 1, other than RR/UCSB, is described in terms of 

fluence (E>1MeV). It is generally agreed, however, that the best indicator of damage under the conditions 

of the RPV is the dose, in dpa. Corresponding values of dpa and fluence were obtained from US 

surveillance capsule reports, from Benhamou et al. (2014), Ulbricht et al. (2005) and Rouden (2014).  The 

values are plotted in Figure 2a. The differences appear significant enough to affect the transferability of 

different ETCs: a 21% difference in dpa:fluence ratio between Westinghouse and non-Westinghouse US 

plant; a 16% difference between French PWRs and US plant.  The Swedish data appear consistent with 

US Westinghouse values, which may relate to the plants concerned being PWRs supplied by 

Westinghouse. 

(a)                                                                              (b) 

Figure 2.  (a) Ratios of dose to fluence in different reactor fleets from all available surveillance data (all 

product forms and compositions). (b) Residuals for French predictions of US data with and without 

adaptation for the different dpa:fluence ratios (�0.07% Cu, �1.2% Ni). 

It is possible to observe the influence of the different dpa:fluence ratios by, for example, adjusting the 

EDF predictions of US data, taking into account the differing dpa:fluence ratios.  This adjustment takes 

the basic Charpy shift according to the EDF 900MW ETC: 

   ∆T = A[1+35.7(P-0.008)++6.6(Cu-0.08)++5.8Ni
2
Cu]{1-0.0153(T-288)}{φt)

0.59
 = A.CF.TF(φt)

0.59
      (1) 

where the subscript + indicates the term is set to 0 if negative, Cu and Ni are in wt.%, T is the irradiation 

temperature (in °C), and φt is the neutron fluence in n.cm
-2

.  

The difference in dpa:fluence ratio at US and French capsule locations may then be used to scale the 

fluence for each US measurement by the ratio between the dpa:fluence for that measurement 

(dpa:fluencei) and the average value of dpa:fluence for the French samples, i.e. 

                 (2) 
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As can be seen in Figure 2b, adjusting for the dpa:fluence ratio actually increases the disparity between 

the French predictions and US data. This raises two possibilities, based on the significance of the dpa 

measurements. It is possible that the variation in dpa:fluence values shown in Figure 2a reflects 

differences between organisations in the methods of calculating neutron spectra and resultant dpa, rather 

than real dpa:fluence ratio variations between capsule locations in different reactor designs. In this case, 

the blue points and line in in Figure 2b reflect the extent of national variations in embrittlement better 

than the orange points/line. Alternativly, the variations in Figure 2a and dpa:fluence are real, the true 

national differences are shown by the orange line, and the true extent of the nation to nation variations has 

been masked by the use of fluence as the damage correlate.   

Initial Yield Stress 

The hardness of a steel is made up of a number of factors. There are contributions from solute atoms, 

forest dislocations, lath and grain boundaries, precipitates and inclusions. In an irradiated material there 

are also contributions from the irradiation-induced defects. Although the hardening or embrittlement 

increment due to radiation is defined linearly (∆σY = σY, irradiated – σY, unirradiated), the various contributions 

do not, in fact sum linearly. Acording to Foreman and McElroy (1995) or Queyreau et al (2010), the 

components sum either as root sum of squares, or in a form between linear and root sum of squares. In 

either case, therefore, the measured increment is not the same as the contribution from radiation-induced 

defects, but a function of this contribution and the contributions from features in the unirradiated steel. As 

a result, the effect of a given population of defects on the yield stress will be greater the lower the initial 

yield stress. Since the embrittlement scales with the hardening, the effect of the non-linear summation of 

hardening contributions will be to reduce the DBTT shift as the initial material hardness increases.  

Figure 3 shows the measured changes in yield stress versus initial yield stress in US and French data.  The 

US data are taken from surveillance capsule reports, and are measured at 288°C, while French data are 

from Brillaud and Hedin (1992), measured at 300°C. There are clear trends for the forgings and welds in 

both data sets with, as anticipated, higher increments in hardening for the initially softer materials. (The 

trend line drawn through the US plate data has a positive slope, but the data scatter renders this less 

significant than the other trend lines.)  

(a)  US data (b)  French data

Figure 3.  Change in yield stress versus initial yield (�0.07% Cu, �1.2% Ni). 

The ranges of initial yield stresses reported for different product forms in US and French surveillance 

capsules are shown in Figure 4 and Table 2. Given the low temperature-dependence of the yield stress of 

RPV steels around 300°C, it is reasonable to make a direct comparison between the French and US data 

sets. For both welds and forgings, the French materials begin exposure with higher elevated temperature 

yield stresses than US materials. 
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a) US steels tested at 288°C   b) French steels tested at 300°C 

Figure 4.  Elevated temperature yield stresses reported for US and French surveillance materials prior to 

radiation (all compositions). 

Table 2.  Average elevated temperature yield stresses in unirradiated surveillance steels (all 

compositions). 

Country Of 

Origin 

Yield Stress In Different Product Forms (MPa) 

Forging Plate Weld 

US 395 408 444 

France 436 N/A 470 

A comparison between room temperature yield stresses in US, French and Japanese RPV base metals was 

made by the UK’s Light Water Reactor Study Group, Marshall (1982). The US steels involved were 

produced prior to 1975. The French data included the acceptance data for vessels produced between 1971 

and 1975. The US surveillance plates and forgings again appeared softer than the French steels, but the 

difference was less marked than in Table 2. The Japanese plates appear similar to the French plates, and a 

little harder than the US plates.  

Since the initial yield stress affects the measured hardening increment, one would expect the residuals to 

be affected by the initial yield stress in predictions of hardening for a given country. Since there appear to 

be nation to nation variations in the initial yield stress, one would also expect nation to nation variations 

in the hardening associated with a given population of radiation-induced defects. Figures 5 and 6, 

however, show no consistent trend in the ETC residuals with initial yield stress.  The trends vary in both 

strength and sign in different sub-sets of the data. (The correlation appears stronger in higher-Cu steels, 

and is opposite in sense in base metals and welds.  The most significant trends are in US steels, when the 

full Cu range is considered, and in French forgings.  In the US steels, the trend in residuals is as 

anticipated from the effect of the yield stress.  In the French forgings, however, the observed trend is 

opposite to the anticipated intrinsic effect of initial yield stress.)   
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Figure 5.  Residuals as a function of initial yield stress for US measurements and predictions by different 

ETCs (�0.07% Cu, �1.2% Ni). 

This combination of results is difficult to understand until one investigates correlations between the initial 

yield stress and the variable which are included in the different ETCs. Figure 7 shows that, for bulk Cu 

levels <0.2wt.%, both French and US steels show a negative correlation between yield stress and Cu 

content.  For Ni, however, there is a generally negative correlation with yield stress in US steels and a 

positive correlation in French steels. For Mn, a positive correlation is seen in French steels but not in US 

steels. 
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Figure 6.  Residuals as a function of initial yield stress for French measurements and predictions by 

different ETCs (�0.07% Cu, �1.2% Ni). 

The correlations between initial yield stress and bulk Cu, Ni and Mn suggests that the effects of yield 

stress may be incorporated into the product form- and composition-dependences in ETCs. The extents to 

which the product form and composition terms account for yield stress effects will differ in different 

ETCs. More significantly, if the correlation between yield stress and bulk Cu, Ni or Mn differs in 

different national data sets, then the manner in which the yield stress effect is incorporated into the 

composition terms will not transfer from one country to the next. 
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Figure 7. Unirradiated elevated temperature yield stress with bulk composition for US and French 

materials. 

CONCLUSIONS 

Causes of “national” variations in ETC applicability have been investigated.  

• The dpa:fluence ratio apparently varies significantly with reactor design 

o This may be due to different methods of calculating dpa in different organisations, rather than 

real spectral differences at capsule locations, in which case there is no real dpa:fluence effect.  

o If the observed dpa:fluence variation is real, the use of fluence as a damage correlate is 

masking the magnitude of national variations. 

• There is a clear trend in hardening versus initial yield stress, but no consistent trend in the residuals 

with yield stress for any ETC, despite the absence of explicit yield stress terms. This is probably 
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because serendipitous correlations exist between the initial yield stress and variables included in 

ETCs, allowing the effect of yield stress to be incorporated indirectly within composition terms. 

• Since the correlations between initial yield stress and different elements differ in different reactor 

fleets, this indirect incorporation could lead to an ETC optimised against one country’s data to predict 

poorly embrittlement in a different country’s reactor fleet.  

• Obtaining data from additional surveillance programs would help confirm these conclusions.  

It would assist in the prediction of embrittlement in current and future plant, if a ETC were developed 

which: 

• Accurately took into account the yield stress effects  

• Investigated the use of dpa rather than fluence as a damage correlation 

• Used a wide variety of data sources to increase the variable space and reduce the correlations between 

variables. 
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