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A. INTRODUCTION

General Design Criterion 31, *‘Fracture Prevention of Reactor
Coolant Pressure Boundary,*’ of Appendix A, *‘General Design
Criteria for Nuclear Power Plants,”” to 10 CFR Part 50, *‘Domestic
Licensing of Production and Utilization Facilities,”” requires, in
part, that the reactor coolant pressure boundary be designed with
sufficient margin to ensure that, when stressed under operating,
maintenance, testing, and postulated accident conditions, (1) the
boundary behaves in & nonbrittle manner and (2) the probability
of rapidly propagating fracture is minimized. General Design
Criterion 31 also requires that the design reflect the uncertainties
in determining the effects of irradiation on material propenties.
Appendix G, “‘Fracture Toughness Requirements,"'* and Appendix
H, ““Reactor Vessel Material Surveillance Program Requirements,”
which implement, in part, Criterion 31, necessitate the calculation
of changes in fracture toughness of reactor vessel materials caused
general procedures acceptable to the NRC staff for calculating the
effects of neutron radiation embrittlement of the low-alloy steels
currently used for light-water-cooled reactor vessels.

The calculative procedures given in Regulatory Position 1.1 of
this guide are not the same as those given in the Pressurized Thermal
Shock rule (§ 50.61, *‘Fracture Toughness Requirements for Pro-
tection Against Pressurized Thermal Shock Events,’’ of 10 CFR
Part 50) for calculating RTpTS, the reference temperature that is
to be compared to the screening criterion given in the rule. The
information on which this Revision 2 is based may also affect the
basis for the PTS rule. The staff is presently considering whether
to propose a change to § 50.61.

The Advisory Committee on Reactor Safeguards has been con- -

sultedconcemmgthxsgmdeandhasconcurredmdwregulatory
position.

Any information collection activities mentioned in this regulatory
guide are contained as requirements in 10 CFR Part 50, which pro-
vides the regulatory basis for this guide. The information collec-

txomeqmrementsmlOCFRPmSOhavebeenclearedundcrom
Clearance No. 3150-0011.

B. DISCUSSION

Some NRC requirements that necessitate calculation of radia-
tion embrittlement are:

1. Paragraph V.A of Appendix G requires the effects of neutron
radiation to be predicted from the results of pertinent radiation effects
studies. This guide provides such results in the form of calculative
procedures that are acceptable to the NRC.

2. Paragraph V.B of Appendix G describes the basis for setting
the upper limit for pressure as a function of temperature during
heatup and cooldown for a given service period in terms of the
predicted value of the adjusted reference temperature at the end
of the service period.

3. The definition of reactor vessel beltline given in Paragraph
ILF of Appendix G requires identification of regions of the reactor
vessel that are predicted to experience sufficient neutron radiation
embrittlement to be considered in the selection of the most limiting
material. Paragraphs III.A and IV.A.1 specify the additional test
requnemcntsforbelﬂmemalsﬂmtmpplmﬂwreqummem
for reactor vessel materials generally.

4. Paragraph II.B of Appendix H incorporates ASTM E 185
by reference. Paragraph 5.1 of ASTM E 185-82, “‘Standard Prac-
tice for Conducting Surveillance Tests for Light-Water Cooled
Nuclear Power Reactor Vessels’” (Ref. 1), requires that the materials
to be placed in surveillance be those that may limit operation of
the reactor during its lifetime, i.¢., those expected to have the highest
adjusted reference temperature or the lowest Charpy upper-shelf
energy at end of life. Both measures of radiation embrittlement must
be considered. In Paragraph 7.6 of ASTM E 185-82, the require-
ments for the number of capsules and the withdrawal schedule are
based on the calculated amount of radiation embrittlement at end
of life.
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The two measures of radiation embrittlement used in this guide
areobtainedfrommemxltsofmeChmpyV-notchimpacttest.
Appendix G to lOCFRPartSOrequireomataﬁxllcurveofabsorbed
energy versus temperature be obtained through the ductile-to-brittle
transition temperature region. The adjustment of the reference
temperature, ARTNDT, is defined in Appendix G as the tempera-
ture shift in the Charpy curve for the irradiated material relative
to that for the unirradiated material measured at the 30-foot-pound
energy level, and the data that formed the basis for this guide were
30-foot-pound shift values. The second measure of radiation
embﬁulemmisﬂwdecmaseinﬂwcmrpyuppcr-shelfcnergylevd,
which is defined in ASTM E 185-82. This Revision 2 updates the
calculative procedures for the adjustment of reference temperature;
however, calculative procedures for the decrease in upper-shelf
energy are unchanged because the preparatory work had not been
completed in time to include them in this revision.

‘The basis for Equation 2 for ARTNDT (in Regulatory Position

1.1 ofdnisguide)iscontainedinpnblimtionsbyG.L.Guduie(Ref.
2) and G. R. Odette et al. (Ref. 3). Both of these papers used
surveillance data from commercial power reactors. The bases for
their regression correlations were different in that Odette made
greater use of physical models of radiation embrittlement. Yet, the
two papers contain similar recommendations: (1) separate correla-
tionﬁmctionsshwldbeusedfotwddandbasememl, (2) the func-
ﬁonslmﬂdbeﬂxepmd\Mofachcmistryfamrandaﬂmefam,
G)thepmamaeumthechemisuyfaaorshouldbetheplemm
coppetandnickcl,and(4)theﬂuencefactorshouldprovideatren€l
curve slope of about 0.25 to 0.30 on log-log paper at 10'* n/cm?
(E > 1 MeV), steeper at low fluences and flatter at high fluences.
Regulatory Position 1.1 is a blend of the correlation functions

by these authors. Some test reactor data were used as
aguideinestabﬁshingacutoﬁforﬂnechcmistryfactorforlow-
coppermaterials.'lhedaubaseforkeg\ﬂatoryPosiﬁon 1.2 is that
given by Spencer H. Bush (Ref. 4).

Themcamofﬂuenoeusedinthisguideisthemxmberof
mnonspusquaxeccnﬁnmrhavingemrgiugrmﬂmlmmion
electron volts (B > 1 MeV). The differences in energy spectra at
dmesurveillancecapsulcandﬂwvaselinnersurfacelocaﬁonsdo
notappcarwbegrcatenoughtowanantﬂwuseofadamagefunc-
tion such as displacements per atom (dpa) (Ref. 5) in the analysis
of the surveillance data base (Ref. 6). -

Howwcr,dwnamonmgyspecmxmdoeschangesigniﬁwnly
wi:hlocaﬁoninthevesselwaﬂ;hcnoeforcalaﬂaﬁngthemnna-
tion of radiation embrittlement through the vessel wall, it is
marytouseadamageﬁmcﬁontodetcrmineARTNDTversus
rad:ald:stamexmothewallmmosthdclyacocpwddmnageﬁmc-
ﬁonatdxisﬁn:eisdpa.andﬂleauennaﬁonformula(l!quaﬁon3)
given in Regulatory Position 1.1 is based on the attenuation of dpa
through the vessel wall.

hyelementsothetﬂmnoopperandnickcl.moﬁginalversionand
szisionlofﬂxisguidehadaphosphorusterminﬂwchemisu'y
w,mmsumiuonwhichmimvisionwasbasedfoundmher
elements such as phosphorus to be of secondary importance, i.e.,
including them in the analysis did not produce a significantly bet-
ter fit of the data.

Scanain'thedatabaseusedforthisguideilrelaﬁvelysigniﬂ-
cant,asevidcncedbyﬂlefactthatthe standard deviations for

Guthrie’s derived formulas (Ref. 2) are 28°F for welds and 17°F
forbasemetaldwpiteemnsiveeffortstoﬁndanmdclﬂlatreduced
the fitting error. Thus the use of surveillance data from a given
reactor (in place of the calculative procedures given in this guide)
requires considerable engineering judgment to evaluate the credibil-
ity of the data and assign suitable margins. When surveillance data
from the reactor in question become available, the weight given
tothemrelativetoﬂwinfomxationinﬂxisguidewilldcpendonthe
credibility of the surveillance data as judged by the following
criteria:

1. Materials in the capsules should be those judged most likely
to be controlling with regard to radiation embrittlement according
to the recommendations of this guide.

2. Scatter in the plots of Charpy energy versus temperature for
dxeirmdiatedandunirradiatcdoondiﬁonsshouldbesmallenough

" to permit the determination of the 30-foot-pound temperature and

the upper-shelf energy unambiguously.

3.thntherearetwoormorcseuofsurvcillancedatafrom
one reactor, the scatter of ARTNDT values about a best-fit line
drawn as described in Regulatory Position 2.1 normally should be
lessthan%’l’forweldsandﬂ’Fforbasemetal.Evenifﬂwﬂneme
rangeislarge(twoormoreordcrsofmagnimde).memmtshmdd
not exceed twice those values. Bven if the data fail this criterion
foruseinshiﬁcalculaﬁons,!heymay,bgcrediblcfordetermining
decrease in upper-shelf cnergy if the upper shelf can be clearly deter-
mined, following the definition given in ASTM B 185-82 Ref. 1).

4. The irradiation temperature of the Charpy specimens in the
capsule should match vessel wall temperature at the cladding/base
metal interface within £25°F.

S.Thesurveinanoedaxaforﬂwcomlaﬁonmnitormaﬁeﬁalin
thecapstﬂeshouldfallwithinthescaﬂerbandofthedmbasafor
that material.

Tousethesurveillancedaufromaspeciﬁcplantinsteadof
chulatoryPosiﬁonl,onemnstdcvc!oparelaﬁonshipofARmm
toﬂuenceforthatplam.Becausesuchdauareﬁmhedinnumbcr
and subject to scatter, Regulatory Position 2 describes a procedure
-inwhichthzformoquuaﬁonZiswbeusedandtheﬂuencefac-
wrthereinisretained,hnthcchemisuyfacwtisdmrminedby
mcplantsurvcillancedata.Ofscvcralposiblewaysmﬁtsuchdata,
themethodthatminimizesthesumsofthesquamsofthcem
was chosen somewhat arbitrarily. Its use is justified in part by the
fact that “‘least squares”’ is a common method for curve fitting.
Also,whenﬂmmonlytwodanpoinu,thelcastsqummethod
givugreaterweighttothepointwithtbchigherARTNDT;this
seems reasonable for fitting surveillance data, because generally
ﬂ:e-highetdatapointwillbethemmemeﬁandthcrefomwinmp:e-
sent more modern procedures

C. REGULATORY POSITION
1. SURVEILLANCE DATA NOT AVAILABLE

When credible surveillance data from the reactor in question
are not available, calculation of neutron radiation embrittdement of
thebelﬂineofrcactotyessekoflight—waterreactonslmﬂdbebamd
on the procedures in Regulatory Positions 1.1 and 1.2 within the
limitations in Regulatory Position 1.3.
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1.1 Adjusted Reference Temperature

The adjusted reference temperature (ART) for each material in
the beltline is given by the following expression:

ART = Initial RTNDT + ARTNDT + Margin M

Initial RTNDT is the reference temperature for the unirradiated
material as defined in Paragraph NB-2331 of Section Il of the
ASME Boiler and Pressure Vessel Code (Ref. 7). If measured values
of initial RTNDT for the material in question are not available,
generic mean values for that class* of material may be used if there
are sufficient test results to establish & mean and standard devia-
tion for the class.

ARTNDT is the mean value of the adjustment in reference
temperature caused by irradiation and should be calculated as
follows:

ARTNDT = (CF) £(0.28 = 0.10 log f) @

CF (°F) is the chemistry factor, a function of copper and nickel
content. CF is given in Table 1 for welds and in Table 2 for base
metal (plates and forgings). Linear interpolation is permitted. In
Tables 1 and 2 “‘weight-percent copper” and *‘weight-percent
nickel”* are the best-estimate values for the material, which will
normally be the mean of the measured values for & plate or forging
or for weld samples made with the weld wire heat mumber that
matches the critical vessel weld. If such valuss are not available,
ﬂ:cupperlimiﬁngvalwgivmintbemmiallpeciﬁmﬁonspwhidx
the vessel was built may be used. If not available, conservative

esﬁmatcs(meanplusonestandaxddevwon)basedongcncﬁcdm_

may be used if justification is provided. If there is no information
available, 0.35% copper and 1.0% nickel should be assumed.

The neutron fluence at any depth in the vessel wall, f (10'° n/cm?,
E > 1 MeV), is determined as follows:

f = fourf (¢ —0.24x) k)

where fgurf (10" n/cm?, E > 1 MeV) is the calculated value of
the neutron fluence at the inner wetted surface of the vessel at the
locaﬁonofd;eposnﬂawddcfea,mdx(ininches)isthedepthinto
d:ev&cselwallmeamredﬁomthev&selinncr(wwed)mr&oe.
Altematively,ifdpacdwlationsarcmadeaspanoftheﬂucnce
analysis, the ratio of dpa at the depth in question to dpa at the inner
surface may be substituted for the exponential attenuation factor
in Equation 3.

The fluence factor, £0.28 — 0.1010g , is determined by calcula-
tion or from Figure 1. ’

*“‘Margin®’ is the quantity, °F, that is to be added to obtain con-
servative, upper-bound vatues of adjusted reference temperature
for the calculations required by Appendix G to 10 CFR Part $0.

Margin-=2\/ol’:FoA’ @
/
" The class for estimaing Ial KTy is generally determined, for the
with which ¢his km&ﬂ%ﬁmﬁggﬂumw«m

for base metal, by the ASTM Standard Specification

Here, o is the standard deviation for the initial RTNDT. If 2
measured value of initial RTNDT for the material in question is
available, o7 is to be estimated from the precision of the test method.
If not, and generic mean values for that class of material are used,
o] is the standard deviation obtained from the set of data used to
establish the mean.

The standard deviation for ARTNDT, 04, is 28 °F for welds and
17°F for base metal, except that a5 need not exceed 0.50 times
the mean value of ARTNDT.

1.2 Charpy Upper-Shelf Energy

Charpy upper-shelf energy should be assumed to decrease as
& function of fluence and copper content as indicated in Figure 2.
Linear interpolation is permitted.

1.3 Limitations

Application of the foregoing procedures should be subject to
the following limitations:

1. 'lhcprocedumsapplytodmscgradesofs.k-m_, 336, 533,
and 508 steels having minimum specified yield strengths of 50,000
psi and under and to their welds and heat-affected zones.

2. The procedures are valid for 8 nominal irradiation temperature
of 550°F. Irradiation below 525 °F should be considered to pro-
duce greater embrittlement, and jrradiation above 590°F may be
considered to produce less embrittlement. The correction factor used
should be justified by reference to actual data.

i Application of these procedures to fluence levels or to cop-
per or nickel content beyond the ranges given in Figure 1 and Tables
1 and 2 or to materials having chemical compositions beyond the
range found in the data bases used for this guide should be justified
by submittal of data.

2. SURVEILLANCE DATA AVAILABLE

When two or more credible surveillance data sets (as defined

inﬂwDiswssion)becomelvailableﬁ'omﬂuemaorinqnesﬁon,
thcymaybeusedtodetcrmineﬂ;endjustedrefcrencewmperanm
and the Charpy upper-shelf energy of the beltline materials as
described in Regulatory Positions 2.1 and 2.2, respectively.

2.1 Adjusted Reference Temperature

The adjusted reference temperature should be obtained as
follows. First.ifthereisclea:evidenecd:atmecopperornickel
content of the surveillance weld differs from that of the vessel weld,
i.e., differs from the average for the weld wire heat number
associatedwithdxcvesselwcldandthesurveillanoeweld,ﬂw
measured values of ARTNDT should be adjusted by multiplying
them by the ratio of the chemistry factor for the vessel weld to that
for the surveillance weld. Second, the surveillance data should be
ﬁuedusingEquaﬁonZtoobtaind)erelaﬁonshipofARTNDTto
fluence. To do so, calculate the chemistry factor, CF, for the best
fit by multiplying each adjusted ARTNDT by its corresponding
ﬂucnccfactor.mmmingﬂxeproducm.unddividingbydwwmof
thesquaresoftheﬂucncefactors.Thcresmtix_zgvdueofCthen
entcredinEquaﬁonZwi!lgiveﬂ:erclaﬁonshipofARTNDrrw
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TABLE 1
CHEMISTRY FACTOR FOR WELDS, °F

OO000 ©SOOO9 990999 9999

coe0e 00999

Copper, Nickel, Wt-%

Wit- 0 0.20 0.40 0.60 0.80 1.00 1.20
0 20 20 20 20 20 20 20
01 20 20 20 20 20 20 20
02 21 26 27 27 27 27 27
03 2 35 41 41 41 41 41
04 24 a3 54 54 54 54 54
05 26 49 67 68 68 68 68
06 29 52 71 82 82 82 82
07 32 55 85 95 95 95 95
08 36 58 ) 106 108 108 108
09 40 61 %4 115 122 122 12
10 - 44 65 97 122 133 135 135
1 49 63 101 130 144 148 148
12 52 7 103 135 153 161 161
13 58 76 106 139 162 172 176
14 61 79 109 142 168 182 188
15 66 78 112 146 175 191 200
16 70 88 115 149 178 199 211
17 75 2 119 151 134 207 21
18 79 95 122 154 187 214 230
19 83 100 126 157 191 220 238
20 88 104 129 160 194 23 245
21 2 108 133 164 197 229 252
2 97 112 137 167 200 232 257
23 101 117 140 169 203 236 263
24 105 121 144 173 206 239 268
25 110 126 148 176 209 243 272
26 113 130 151 180 212 246 276
27 119 134 155 184 216 249 280
28 122 138 160 187 218 251 284
29 128 142 164 191 222 254 287
0.30 131 146 167 194 225 257 290
0.31 136 151 172 198 23 260 . 293
0.32 140 155 175 202 231 263 296
0.33 144 160 180 205 234 266 299
0.34 149 164 184 200 238 269 302
0.35 153 168. 187 - 212 241 272 305
0.36 158 172 191 216 245 275 308
0.37 162 177 196 220 248 218 311
0.38 166 182 200 23 250 281 314
0.39 17 185 203 27 254 285 317
0.40 175 189 . 207 231 257 288 320

fluence that fits the plant surveillance data in such a way as to
minimize the sum of the squares of the errors.

To calculate the margin in this case, use Equation 4; the values

giventhcreforaAmaybecutinhalf.

If this procedure gives a higher value of adjusted reference

than that given by using the procedures of Regulatory

Position 1.1, the surveillance data should be used. If this procedure
gives a lower value, cither may be used.

For plants having surveillance data that are credible in all respects
exccpttlmttlwgnatcrialdoesnotrcprmmmecriﬁealmatcﬁalin
thcvcsscl,thecalculaﬁvepmceduminthisguideshouldbeused

to obtain mean values of shift, ARTNDT:- In calculating the margin, -
dxeva!ueofqmaybexeduwdfromﬂxevaluesgiveninthelast
paragraph of Regulatory Position 1.1 by an amount to be decided
on a case-by-case basis, depending on where the measured values
fall relative to the mean calculated for the surveillance materials.

2.2 Charpy Upper-Shelf Energy

The decrease in upper-shelf energy may be obtained by plot-
ting the reduced plant surveillance data on Figure 2 of this guide
and fitting the data with a line drawn parallel to the existing lincs
as the upper bound of all the data. This line should be used in
preference to the existing graph.
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TABLE 2
CHEMISTRY FACTOR FOR BASE METAL, °F- ;

o Nickel, Wt-% ' . :
wek 0 020 < 0.40 060 ' 080 '1.00 1.20
0 20 20 20 20 20 20 20
0.01 20 20 20 2 20 20 20
0.02 20 20 20 20 20 20 20
0.03 20 20 20 2 2 20 20
0.04 2 26 26 26 2 2 26
0.05 25 31 31 31 31 31 31
0.06 28 37 37 37 37 37 37
0.07 31 43 4 ] ] a4 4
0.08 3 48 51 51 51 51 s
0.09 37 53 58 58 58 58 58
0.10 41 58 65 65 67 67 67
0.11 45 62 7 % n 77 7
0.12 49 67 79 83 86 86 86
0.13 53 7 85 91 96 96 9%
0.14 57 75 91 100 105 106 . 106
0.15 61 80 99 110 115 117 17
0.16 65 84 104 118 123 125 125
0.17 69 88 110 127 132 135 135
0.18 73 92 115 134 141 144 144
0.19 78 97 120 142 150 154 154
0.20 82 102 125 149 159 164 165
0.21 86 107 129 155 167 172 174
0.22 91 112 134 161 176 181 184
023 o5 117 138 167 184 190 194
0.24 100 121 143 17 191 199 204
0.25 104 126 148 176 199 208 214
0.26 109 130 151 180 205 216 ‘21
0.27 114 134 155 184 211 25 - 230
0.28 119 138 160 187 216 - 233 239
0.29 124 142 164 191 221 21 248
0.30 129 146 167 194 25 29 257
0.31 134 151 172 198 228 255 266
0.32 139 155 175 202 231 260 274
0.33 144 160 180 205 234 264 282
0.34 149 164 184 209 238 268 290
0.35 153 168 187 212 241 vy7) 298
0.36 158 173 191 216 245 275 303
0.37 162 177 196 220 248 278 308
0.38" 166 182 200 223 250 281 313
0.39 m 185 203 27 254 285 317
0.40 175 189 207 231 257 . 288 320

3. REQUIREMENT FOR NEW PLANTS

For beltline materials in the reactor vessel for a new plant, the
content of residual elements such as copper, phosphorus, sulfur,
andvanadiumthxldbeeomronedtolowlcvels."l‘hcepppcrcon-
wmd:aﬂdbemhdmdxccalaﬂmdadjustedrcfermm
at the 1/4T position in the vessel wall at end of life is less than
200°F. Inselecﬁngthcopﬁmumamwntofnickelwbeused. its
deleterious effect on radiation embrittlement should be balanced
againstitsbeneﬁcia!metaﬂurgicaleﬁeas'anditsmdcncytolower
the jnitial RTNDT. '

mf‘l;t;tmhfomaﬁm.nechppendixbm&andudSpedﬁaﬁmAﬁa

D. IMPLEMENTATION

Mpuxpweofﬂxismdoniswpmvideinfmmaﬁmmnpplicams
mdlicemeesmgardingtheNRCmﬁ‘sphnsforusingdﬁs
rcgulatoryguidc.lixoeptinthosecaminwhichmapplicantpro—

posuanacecptablealﬁcmaﬁvcmeﬂmdforcomplyingwiﬁspeciﬁed'

portionsoftheCommission‘srcgulaﬁons,themcthodsdescribed
in this guide will be used as follows:

1. ThcmethodsdescribedinkcgulatoryPosiﬁonslmd2of
thisguidewiﬂbeusedbyﬂchRCstaﬂ'ineva!uzﬁngallpredic-
tions of radiation embrittlcmentneededwimplcmcntAppendicu
G and H to 10 CFR Part 50.
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2. Holders of licenses and permits should use the methods . Technical Specifications in order to continue to satisfy the
described in this guids to predict the effect of neutron radiation on requirements of Section V of Appendix G, 10 CFR Part 50.
reactor vessel materials as required by Paragraph V.A of Appen- =~ - -

dix G to 10 CFR Part 50, unless they can justify the use of dif- 3. The recommendations of Regulatory Position 3 are essea-
ferent methods. The use of the Revision 2 methodology may result ﬁallyumhangedﬁmnﬂmscusedmevaluateconstmotionpemit
in a modification of the pressure-temperature limits contained in- applications docketed on or after June 1, 1977.
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FIGURE 2 Predicted Decrease in Shelf Energy 2s a Function of Copper Content and Fluence |
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REGULATORY ANALYSIS

A copy of the regulatory analysis prepared for this Regulatory a fes at the Commission’s Public Document Room at 1717 H Street
Guide 1.99, Revision 2, is available for inspection and copying for NW., Washington, DC, under Regulatory Guide 1.99, Revision 2.
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