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ABSTRACT

A statistical analysis of Charpy test results of the two-year Pres
sure Vessel Simulation metallurgical irradiation experiment was performed,
Determination of transition temperature and upper shelf energy derived
from computer fits compare well with eyeball fits. Uncertainties for all
results can be obtained with computer fits. The results were compared
with predictions in Regulatory Guide 1.99 and other irradiation damage
models.
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The procedure was first used to determine the NDT values at 4U
(30 ft-lb), 68J (50 ft-lb), and at 0.89-mm lateral expansion for each set
of specimen in the different capsules. The values obtained in this way
are mostly very close to the eyeball fits in Ref. 1, and none deviated
more than could be expected from the statistical uncertainties (see Tables
4 and 5). The upper shelf energy, including uncertainties, was also
determined and compared to eyeball fits, with similar results (Table 6).

The same statistical procedure can be used to combine results of
irradiation at different fluences and fit them to a model which relates

NDT shift to a power of fluence. Several power law fits were tried
involving different exposure parameters (<j>t > 1, <j>t > 0.1, dpa) and dif
ferent exponents (0.3 and 0.5). None of the fits were good enough to
agree with all individual measurements within uncertainties (Table 9).
Attempts were also made to fit only the data from a combination of unirra
diated specimen and at one or both of the SSC capsules to a power law in
order to predict the results obtained in the wall capsules, as it may be
done for damage predictions in commercial power reactors. The results
(Table 10) could be considered acceptable for such predictions provided
sufficient safety margins are imposed.

A more detailed investigation of the individual results shows,
however, that the relation between fluence and damage is much more complex
than a simple power (Figs. 1-6). There are definite, though subtle, dif
ferences between the short-time, high-fluence rate irradiations in the SSC
capsules and the long-time, low-fluence rate irradiations in the wall cap
sules. These effects appear to be material dependent not only in terms of
the absolute damage but also in terms of rate of changes as a function of
fluence.

For this reason, no efforts have been made to fit the data to models
which correlate damage with chemical composition such as the content of
copper and/or nickel. No simple (e.g., bilinear) relation can adequately
describe the relation between, say, copper and nickel content and ANDT,
and there is not enough variety of test data available from this experi
ment to explore more complex models.

COMPUTATIONAL PROCEDURES

The procedure used in this report is an extension and refinement of
the method in Ref. 5. The current program package, named CV-81, is a
linear, least squares procedure, although linear combinations of non
linear functions can be used. This method differs from the standard linear
or non-linear regression analysis by allowing statistical errors not only
in the dependent variables, but also in all independent variables. This
means that the data are fit to a given model by adjusting all input data
according to their statistical uncertainties to obtain maximum likelihood
estimates for the fitting parameters assuming a Gaussian distribution.
This procedure assumes that variances and covariances of all input data
are known in advance and are not determined from the goodness of fit, as
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Material

A302-B (ASTM

reference plate)

A533-B (HSST

plate 03)

22NiMoCr37 forging

A508-3 forging

Submerged arc weld
(single vee type,
A533-B base plate)

Submerged arc weld
(single vee type,
A533-B base plate)

Table 1. Materials

Heat

code

F23

Supplier

NRL

3PS, 3PT, NRL

3PU

K

MO

EC

KFA

MOL

EPRI

Thickness

(mm)

152

305

295

238

235

Rolls-Royce

& Assoc., Ltd.

160

Yield3

strength

(MPa) Heat treatment

482 899°C-6 h, water quenched

649°C-6 h, air cooled

454 843-899°C-4 h, water quenched

649-677°C-4 h, air cooled

607-636°C-20 h, furnace cooled

407 Not reported to MEA or ORNL

462 900-955°C-12.8 h, air cooled

630-665°C-14 h, furnace cooled

610°C >10°C-24 h,
furnace cooled

456 621°C + 28°C-50 h,
furnace cooled

489 920°C + 15°C-6 h, water spray

quenched

600°C-6 h, air cooled

600°C-36 h, air cooled

650°C-6 h, air cooled

vO



Table 2. Chemical compositions (wt-%)

Material Code C Si Mn P S Cr Mo Ni Al Cu Sn Ti

A302-B

(ASTM Ref.

Plate) F23 0.24 0.23 1.34 0.011 0.023 0.11 0.51 0.18 0.04 0.20 0.037 0.015 0.001

A533-B 3PS,
(HSST 3PT,

Plate 03) 3PU 0.20 0.25 1.26 0.011 0.018 0.10 0.45 0.56 0.12

22NiMoCr37

Forging K 0.18 0.16 0.72 0.009 0.004 0.45 0.63 0.96 0.031 0.12

A508-3

Forging MO 0.20 0.28 1.43 0.008 0.008 0.53 0.75 0.031 0.05 >0.1

A533-B

S/A Weld EC 0.11 0.52 1.57 0.007 0.011 0.02 0.48 0.64 0.008 0.24 0.004 <0.01 0.005

A533-B

S/A Weld R 0.05 0.45 1.54 0.009 0.008 0.12 0.34 1.58 0.01 0.23 0.006 0.003 0.01
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Table 3. Average fluences for the different sets
of Charpy specimens

Material code

P°s- F23 3PT/3PU K MO EC

4>t > 1.0 (1Q19 n/cm2)

sscl 2.59 2.32 1.75 1.93 1.87 2.46

ssc2 5.38 4.83 3.64 4.02 3.90 5.13

°~T 3.95 3.59 2.71 2.95 2.88 3.81

I/4 T 2.16 1.95 1.47 1.60 1.60 2.12

1/2 T 1.03 0.94 0.71 0.77 0.77 1.02

<j)t > 0.1 (1Q19 n/cm2)

sscl 7.46 6.61 5.69 6.32 6.11 7.07

ssc2 15.35 13.63 11.70 13.02 12.59 14.56

°"T H.44 10.20 8.77 9.65 9.45 10.97

!/4 T 8.13 7.13 6.11 6.84 6.82 7.95

1/2 T 5.27 4.60 3.97 4.45 4.48 5.21

dpa (10-2)

SSC1 3.86 3.44 2.77 3.07 2.97 3.66

SSC2 7.96 7.11 5.72 6.34 6.14 7.57

°"T 6.06 5.46 4.40 4.80 4.71 5.83

1/4 T 3.70 3.28 2.64 2.92 2.92 3.62

!/2 T 2.11 1.87 1.51 1.67 1.68 2.09
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Table 4. NDT values determined at 41J (30 ft-lb)
and 68J (50 ft-lb), respectively

41J Std. 41J-NDT 68J Std. 68J-NDT

X2 NDT dev. MEA NDT dev. MEA

(°C) CO CO CO CO CO

A-302-B

Unirr.

SSCl

0.1

0.2

-6

72

+ 9

+ 8

-4

78

24

108

+ 13

+ 12

21

99

SSC2 0.3 88 + 8 90 (125)* + 20 104

0-T 0.2 71 + 7 77 (111) + 17 96

1/4 T 0.3 59 +18 63 (133) + 83 85

1/2 T 0.02 46 + 8 46 (81) + 15 77

A-533-B

Unirr. 0.2 -5 + 6 -1 23 + 6 24

SSCl 0.7 66 + 8 60 94 + 11 88

SSC2 0.4 79 + 8 80 109 + 8 107

0-T 0.2 66 + 13 74 (115) + 24 102

1/4 T

1/2 T

0.3

0.2

64

47

+ 6

+ 7

68

52

88

75

+ 5

+ 6

93

79

22NIMOCR37

Unirr. 2.5 -79 + 17 -65 -55 + 5 -57

4

49

29

SSCl

SSC2

0-T

0.9

1.4

1.1

(-27)

30

2

+ 14

+ 8

+ 11

-4

29

7

2

59

35

+ 8

+ 6

+ 6

1/4 T

1/2 T

1.2

0.7

-13

-13

+ 14

+ 7

13

-9

27

16

+ 8

+ 5

24

13

A-508-3

Unirr. 1.8 -58 + 4 -54 -43 + 3 -45

SSCl 3.6 -43 + 4 -34 -30 + 3 -29

SSC2

0-T

1.0

0.3

-19

-31

+ 5

+ 3

-15

-29

-5

-19

+ 3

+ 2

-6

-20

1/4 T
1/2 T

0.5

3.1

-35

-36

+ 4

+ 5

-34

-40

-23

-19

+ 3

+ 3

-26

-34

Submerged arc weld (EC!I

-20 + 8 -18 30 + 17
Unirr. 0.14

21

SSCl 0.02 92 +32 90 (196) + 120 ""

SSC2 0.05 103 +60 101 (187) + 60 ""*

0-T 0.08 105 +50 96 (194) + 171 _

1/4 T 0.12 76 + 16 76 (148) + 59 —

1/2 T 0.10 74 + 19 71 (145) + 65

Submerged arc weld (R)

Unirr.

SSCl

1.2

0.05

-89

141

+ 5

+ 11

-79

143

-63

196

+ 3

+ 21

-68

188

SSC2 0.06 220 +38 210 (308) + 100 —

0-T 0.11 205 + 15 207 (273) +40 —

1/4 T

1/2 T

0.13 181 +25 177 (265) + 74 210

0.2 156 +44 160 (231) +44 199

*Values in parentheses are obtained by extrapolation and may be unreliable.
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Table 6. Summary of upper shelf evaluations

Upper MEA

shelf Std. dev. determination

X2 energy (J) (J) (J)

A-302-B

Unirr.

SSCl

0.14

0.5

107

84

+ 5

+ 8

108

86 (77/94)

SSC2 0.04 74 + 7 75

0-T 0.2 82 + 8 80

1/4 T 0.3 78 + 8 81

1/2 T 0.04 81 + 8 81

A-533-B

Unirr. 0.4 147 + 7 150

SSCl 0.4 119 + 8 115

SSC2 0.11 107 + 11 106

0-T 0.06 105 + 11 106

1/4 T 3.6 107 + 11 —

1/2 T 0.13 125 + 9 125

22NIMOCR37

Unirr. 0.08 204 + 11 203

SSCl 0.6 157 + 11 160

SSC2 0.04 135 + 11 135

0-T 0.14 161 + 11 161

1/4 T 0.01 156 + 11 156

1/2 T 0.2 164 + 9 164

A-508-3

Unirr. 5.2 237 + 8 212

SSCl 0.14 205 + 11 205

SSC2 0.04 200 + 11 201

0-T 1.6 208 + 9 219

1/4 T 0.06 230 + 11 233

1/2 T 0.8 211 + 11 211

Submerged arc weld (EC)

90 + 6
Unirr. 0.04 92

SSCl 0.08 57 + 11 58

SSC2 1.1 57 + 11 50

0-T 0.05 56 + 9 54

1/4 T 0.1 59 + 11 58

1/2 T 0.6 60 + 11 58

Submerged arc weld (R)

178 + 11
Unirr. 0.04

178

SSCl 0.002 80 + 11 90

SSC2 0.02 55 + 11 57

0-T - 68 + 15 54

1/4 T 0.03 70 + 9 69

1/2 T 0.07 80 + 9 80
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Table 8. Comparison of ANDT values predicted by Reg. Guide 1.99
and CV81 fit of measurements

CV81

value fj)t>l <t>t>l dpa <|>t>.l
oF op °f °F °F

Predicted values

present revised guide
guide

A302-B

SSCl 140 282 128 126 121

SSC2 169 406 144 143 139

0-T 139 346 138 137 132

1/4-T 117 277 127 125 124

1/2-T 94 178 102 110 112

A533-B

SSCl 128 145 102 100 96

SSC2 151 210 116 114 111

0-T 128 180 111 109 105

1/4-T 124 133 98 99 98

1/2-T 94 92 82 86 88

22NIMOCR37

SSCl 103 111 99 99 96

SSC2 205 161 115 114 112

0-T 162 141 109 107 106

1/4-T 148 102 95 98 98

1/2-T 128 71 77 84 88

A508-3

SSCl 23 56 37 36 36

SSC2 68 80 42 42 41

0-T 43 69 40 40 39

1/4-T 36 51 35 36 36

1/2-T 43 35 29 31 33

Sub. Arc

Weld (EC)

SSCl

SSC2

0-T

1/4-T

1/2-T

Sub. Arc

Weld (R)

201

221

225

173

169

273 211 210 205

395 243 242 238

341 231 231 225

254 203 209 210

176 167 182 189

Difference (Reg. Guide - CV81)

present

guide

<|>t>l

°F

revised guide

<f,t>l dpa <j>t>.l
°F °F °F

+ 142 - 12 - 14 - 19

+ 237 - 25 - 26 - 30

+ 207 - 1 - 2 - 7

+ 160 + 10 + 8 + 7

+ 80 + 8 + 16 + 18

+ 17 - 26 - 28 - 32

+ 59 - 35 - 37 - 40

+ 52 - 17 - 19 - 23

+ 9 - 26 - 27 - 26

- 2 - 12 - 8 - 6

+ 8 - 4 - 4 - 7

- 44 - 90 - 91 - 93

- 21 - 53 - 55 - 56

- 46 - 53 - 56 - 56

- 57 - 51 - 44 - 40

+ 33 + 14 + 13 + 13

+ 12 - 26 - 26 - 27

+ 26 - 3 - 3 - 4

+ 15 - 1 0 0

- 8 - 14 - 12 - 10

+ 72

+ 174

+ 116

+ 81

+ 7

+ 10 + 9 + 4

+ 22 + 21 + 17

+ 6 + 6 0

+ 30 + 36 + 37

- 2 + 13 + 20

SSCl 414 298 390 384 370 -116 - 24 - 30 - 44

SSC2 556 431 443 437 425 -127 -113 -119 -131

0-T 529 362 423 419 405 -157 -106 -110 -124

1/4-T 486 277 379 383 379 -209 -107 -103 -107

1/2-T 435 192 316 335 344 -243 -119 - 99 - 81
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Table 9. 4•1—J transition temperature lncrease tor individual lies

and for various fluence dependent functions

Individual fits
[dpa]-5 [dpa]-3

CV81 MEA [<t>t>l]- 5 [0t>l]-3 [<j>t>.l]-5 [cj) t>-1] -3

CO CO CO CO CO CO CO CO

A-302-B

SSCl 78 82 64 67 61 68 62 69

SSC2 94 94 92 84 87 84 89 85

0-T 77 81 78 76 74 77 77 78

1/4 T 65 67 58 63 63 69 60 68

1/2 T 52 50 40 51 51 61 46 57

A-533-B

SSCl 71 61 61 65 59 62 60 63

SSC2 84 81 88 81 85 77 86 78

0-T 71 75 76 73 73 71 75 72

1/4 T 69 69 56 61 61 64 59 62

1/2 T 52 53 38 49 49 56 44 52

22NIMOCR37

SSCl (52) 61 55 57 56 65 55 66

SSC2 109 94 79 72 80 81 80 82

0-T 81 72 69 66 71 75 71 76

1/4 T 66 78 50 54 58 67 54 65

1/2 T 66 56 34 43 47 59 41 55

A-508-3

SSCl 15 20 22 23 22 21 22 20

SSC2 39 39 33 28 32 26 32 25

0-T 27 25 28 26 27 24 28 23

1/4 T 23 20 21 22 23 22 22 20

1/2 T 22 14 14 18 19 19 17 17

Submerged
arc weld (EC)

SSCl 112 108 102 111 102 100 102 104

SSC2 123 129 147 138 147 125 146 130

0-T 125 114 127 126 128 114 129 120

1/4 T 96 94 95 106 108 104 101 104

1/2 T 94 89 66 85 87 91 77 88

Submerged

arc weld (R)

SSCl 230 222 229 250 227 239 228 243

SSC2 309 289 330 311 327 297 329 303

0-T 294 286 285 285 284 273 288 280

1/4 T 270 256 212 238 240 247 226 242

1/2 T 245 239 147 191 194 218 171 205
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Table 10. 4U ANDT predictions obtained from least squares fits of
different specimen sets using the fluence function f = [dpa]-3

Combine d fits Difference

Individual fits [dpa]0'•3 fit surveillance-individual

Survei^llance

All Wall SSCl SSC1+2

Std. caps. caps. plus plus SSCl SSCl +
dpa CV81 Dev. + unirr,. only unirr. unirr. only SSC2

(10-2)l CO CO CO CO CO CO CO CO

A-302--B

SSC1 3.86 78 + 12 69 63 77 76 - 1 - 2
SSC2 7.96 94 + 11 85 79 96 94 + 2 0
0-T 6.06 77 + 10 78 73 88 87 + 11 + 10
1/4 T 3.70 65 + 18 68 63 76 75 + 11 + 10
1/2 T 2.11 52 + 10 57 53 64 63 + 12 + 11

A-533--B

SSC1 3.44 71 + 11 63 61 67 66 - 4 - 5
SSC2 7.11 84 + 10 78 76 83 82 - 1 - 2
0-T 5.46 71 + 13 72 70 77 76 + 6 + 5
1/4 T 3.28 69 + 9 62 60 66 65 - 3 - 4
1/2 T 1.87 52 + 10 52 51 56 55 + 4 + 3

22NIMOCR37

SSCl 2.77 (52)* + 16 66 59 53 70 - 1 + 18
SSC2 5.72 109 + 14 82 73 67 87 -42 -22
0-T 4.40 81 + 16 76 68 62 80 -19 - 1
1/4 T 2.64 66 + 18 65 58 53 69 -13 + 3
1/2 T 1.51 66 + 13 55 49 45 58 -21 - 8

A-508-•3

SSCl 3.07 15 + 7 20 22 13 21 - 2 + 6
SSC2 6.34 39 + 7 25 27 16 26 -23 -13
0-T 4.80 27 + 7 23 25 14 24 -13 - 3
1/4 T 2.92 23 + 6 20 21 12 21 -11 - 2

1/2 T 1.67 22 + 7 17 18 11 18 -11 - 4

Submer ged arc weld (EC)

SSCl 2.97 112 + 33 104 105 103 101 - 9 -11
SSC2 6.14 123 +60 130 130 128 126 + 5 + 3
0-T 4.71 125 +50 120 120 119 116 - 6 - 9
1/4 T 2.92 96 + 18 104 104 103 101 + 7 + 5
1/2 T 1.68 94 + 20 88 88 87 85 - 7 - 9

S ubmerged arc weld (R)

SSCl 3.66 230 + 12 243 263 224 222 - 6 - 8

SSC2 7.57 309 + 38 303 327 280 277 -19 -22
0-T 5.83 294 + 15 280 302 259 256 -35 -38

1/4 T 3.62 270 + 25 242 262 224 222 -46 -48
1/2 T 2.09 245 +44 205 222 189 188 -56 -57

*Values in parentheses are obtained by extrapolation and may be unreliable
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Fig. 1. MDT and upper shelf drop vs. dpa, A302-B plate.
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Fig. 2. ANDT and upper shelf drop vs. dpa, A533-B plate.
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Fig. 3. ANDT and upper shelf drop vs. dpa, 22NiMoCr37 forging.
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Fig. 5. ANDT and upper shelf drop vs. dpa, submerged arc weld (EC)
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Fig. 6. ANDT and upper shelf drop vs. dpa, submerged arc weld (R),
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