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ABSTRACT
a

Reactor pressure vessel (RPV) surveillance capsules contain Charpy-V
(C ) specimens, but many do not contain fracture toughness specimens;y
accordingly, the radiation-induced shif t (increase) in the brittle-to-

; ductile transition region (AT) is based upon the AT determined from
notch ductility (C ) tests. Since the ASME K and K reference'

i fracture toughness curves are shifted by the Ak from C, assurance
y IR

y

that this AT does not underestimate AT associated with the the actual
irradiated f racture toughness is required to provide confidence that
safety margins do not fall below assumed levels.;

I
~ To assess this behavior, comparisons of AT's defined by elastic-

plastic fracture toughness and C tests have been made using data from; y
RPV base and weld metals in which irradiations were made under test*

i reactor conditions. Using "as-measured" fracture toughness values
(Kyc), average comparisons between AT(C ) and AT(Kyc) are:y

(a) All data: AT(K.ic @ 100 MPa/s) = AT(Cy @ 41 J) +9'C

(b) Plates only: AT(KJe @ 100 MPa/5) = AT(Cy @ 41 J) +22*C

i (c) Welds only: AT(KJc @ 100 MPa/6) = AT(Cy @ 41 J) -5*C

When the fracture toughness data are adjusted to account for specimen
j size using a "8 correction," average comparisons are:

Ic

! (a) All data: AT(K8c @ 75 MPa/E) = AT(Cy @ 41 J) 1 0*C

(b) Plates only: AT(Kgc @ 75 MPa/i) = AT(Cy @ 41 J) +10*C

J (c) Welds only: AT(K8c @ 75 MPa/E) = AT(C,@ 41 J) -11*C

i

Comparison of AT's at various index levels implies that the C curvey
for irradiated material tends to be shallower than that for unitra-
diated material. However, the shape of the K curve for irradiated
and unitradiated material is the same, but the curve for irradia-i

| tedmaterialissteeperthanthatforunirradiate[ematerial.

Comparisons between measured AT(C ) and values predicted using variousy
! correlations or models are also made. In this case, correlations give

accurate-to-slightly-nonconservative average estimates of the measured
| AT(C,@ 41 J) for base metals. For welds, the predicted AT values

[ average more than 15'c above the measured AT(Cy @ 41 J).
1

!
!

| 6

til

1

- 7 - , - ---_,, , . . - , _ , - . . , , _ _ - _ . . _ _ , , . _ _ _ , _ _ . . _ _ _ _ , _ , , _ _. _.



_ . _ _ _. _ . _ - - _ _ . __ _ _ _ ,_ __

!

!

4

CONTENTS
Page

i

ABSTRACT........................................................ iii
|

LIST OF FIGURES................................................. vil

j LIST OF TABLES.................................................. ix

j ACKNOWLEDGEMENT................................................. xi

,

1. INTRODUCTION................................. ............. I
,

2. MATERIALS.................................................. 2

3. DATA ANALYSIS PROCEDURES................................... 2

i 3.1 Notch Ductility (C ).................................. 2
7y

43.2 Fracture Toughness (KJc)******************************;
; 3.3 Fracture Toughness Data with the Irwin sic

5Adjustment (K8c)......................................
i

i 4. TEST METHOD COMPARIS0NS.................................... 7

7! 4.1 Charpy-V vs. Kye......................................
84.2 Charpy-V va. Kge......................................

164.3 K vs. Kyc ge...........................................
4.4 Curve-Fit vs. Eyeba11................................. 16

; 4.5 Other Comparisons..................................... 21

'
5. COMPARISONS OF CHARPY-V SHIFTS WITH LORRELATIONS........... 31

| 5.1 Cu t h rie Tre nd Cu rves - 19 8 3. . . . . . . . . . . . . . . . . . . . . . . . . . . 31

j 5.2 Odette/Perrin Correlations - 1984..................... 32 .

; 5.3 Metal Properties Council - 1983....................... 32 |
; 5.4 ASTM E 900 - 1983..................................... 33

| 5.5 Varsik - 1983......................................... 33

5.6 Varsik and Byrne - 1979............................... 35

5.7 He ll e r a nd Lo we - 19 8 4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
5.8 Berggren and Stallman - 1983.......................... 36

5.9 Regula tory Guide 1.99 Rev. 1 - 197 7. . . . . . . . . . . . . . . . . . . 37 j
i5.10 Draft Revision 2 to Regulatory Guide 1.99 - 1985...... 37

5.11 NRC Screening Criteria - 1982......................... 37

5.12 C Comparisons........................................ 38
y

5.13 K Comparisons....................................... 38'

Jc
5.14 K Comparisons....................................... 41

8c

6. DISCUSSION................................................. 41
i

7. SUMMARY AND CONCLUSIONS.................................... 43

RE FE RE N CE S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

Appendix A Comparison Plots of Measured and Predicted
AT(C,9 41'J)....................................... A-1

Comparison Plots of Measured AT(K , 0 100 MPa/5)Appendix B
and Predicted AT(C 0 41 J)......g B-1...................y

y

._ _ . _ . _ . _ _ , , . _ _ . _ - _ . - - . . _ _ _ . _ - _ _ . _. ,- - .. ~ - . - - . , _ - , - - _ - . - _ . _ _ . - _ . ~ m.,,- -



LIST OF FIGURES

Figure Page

1 Comparison of AT's from C at 41 J and K aty yc
100 MPa/m, for base metals............................... 9

2 Comparison of AT's from C at 41 J and K at
y Jc

100 MPa/5, for weld metals............................... 9

3 Comparison of AT's from C at 41 J and K at
y Jc

100 MPa/5, for all of the data........................... 10

4 Comparison of C and K data for the A508-2 forging..... 12
y yc

Comparison of AT's from C at 41 J and K at5
75 MPa /i, for bas e me t als . . . . . . . . . . . . . . . . . . . . . . Sc

y
......... 13

6 Comparis,on of AT's from C at 41 J and K aty Sc
75 MPa/m, for weld metals................................ 13

7 Comparison of AT's from C at 41 J and K aty Sc
75 MPa/m, for all of the data............................ 15

8 Comparison of AT's from K at 100 MPa/E and K at
Jc gc

75 MPa/m, for base metals................................ 17

of AT's from K at 100 MPa/E and K atComparison9 Sc
75 MPa/i, for weld metals.yc.............................. 17

10 Comparison of C temperatures at 41.J determinedy
from manual fits to the data and computerized fits...... 20

@ 41 J) determined from manualComparison of AT(C[ts to the data....................... 20
11

and computerized f

12 Comparison of C upper shelf level determined fromy
manual and computerized fits to the data................ 22

| 13 Comparison of C upper shelf drop determined fromy

|
manual and computerized fits to the data................ 22

|

14 Comparison of K temperature at 100 MPa/E fromJcmanual and computerized fits to the data................ 23

'

15 Comparison of AT(Kyc @ 100 MPa/s) determined from
manual and computerized fits to the data................ 23

16 Comparison of K temperature at 75 MPa/E determined
Scfrom manual and computerized fits to the data........... 24

17 Comparison of AT(Kgc @ 75 MPa/s) determined from
manual and computerized fits to the data................ 24

18 Comparison of AT(C ) as determined at 41 J and 68 J.... 25
y

l

j i

'rii

_



LIST OF FIGURES

Figu e Page

Comparison of AT(K determined at 75 MPa/E and
100 MPa/5...........Jc)

19
.................................... 28

20 Comparison of AT(KJc) at.100 MPa/E and 150 MPa/5. . . . 28

at 75 MPa/E and 100 MPa/5. . . . 3021 Comparison of AT(Kge)

,

1

1

l

|

|

viii

. _ _ _ - .



. - . . .- - .. . - - _ .

|

.

LIST OF TABLES
( :

Table Page

1 Chemistry and Fluence Values for the Subject Heats.... 3

2 Statistical Comparisons Between AT(C ) and AT(Kye).... 11y

3 Statistical Comparisons Between AT(C ) and AT(KSc)**** I4y

4 Statistical Comparisons Between AT(KJc) and AT(KSc)**** 10

5 Comparison of Manual-Fit and Computerized-Fit Results.... 19
;

6 Statistical Comparisons Between AT(C ) at Indicesy

of 41 J and 68 J........................................ 26:

Statistical Comparisons Between AT(K @ 100 MPa/5)7
with Alternate Indices of 75 and 150 Mha/E. . . . . . . . . . . . . . 27'

of 75 and 100 MPa/m...................Sc)
Statistical Comparisons Between AT(K at Indices! 8

.................. 29

9 Constants for MPC Mean AT Equation (Ref. 11)... 34

10 Constants for MPC Upper Bound AT Equation (Ref. 11)... 34'

11 Constants for Varsik AT Equation (Ref. 13).............. 35
,

12 Comparison of Measured AT(Cy @ 41 J) with

Correlation Predictions................................. 39

i
100 MPa/5) with

3h @41J)................ 40
; 13 Comparison of Measured AT(K
! Correlation Predictions of AT(Cy

14 Comparison of Measured AT(K @ 75 MPa/5) with
Correlation Predictions of AT(C gh 41 J)................ 42

y

|
t

I

ix

. _ _ . _ _ _ . - _ -. . . -- . . _ - _ _ _ _ _ ._ . ._



ACKNOWLEDGEMENT

I

The assistance of G. M. Callahan in compiling data, curvefitting and j
plotting the data is appreciated, along with J. L. Phillips and '

J. Kneipp for typing the manuscript.

The support of M. Vagins of the NRC is gratefully appreciated.

I

!

,

1

|

xi



,

I
.

)
i

1. INTRODUCTION

As a nuclear power plant operates, the reactor pressure vessel (RPV)
is exposed to neutron irradiation caused by the fission process. The

effect of this neutron irradiation on the materials constituting the
RPV (plates, welds and forgings) is generally to degrade the material
properties. The extent of degradation is highly dependent on the
chemical composition, product form, and processing history of the
material, as well as the fluence and the irradiation temperature.
Generally the degradation is demonstrated through increases in tensile
properties (both yield and ultimate), decteases in upper shelf tough-
ness, and increases in the brittle-to-ductile transition temperature,
i.e., the temperature at which the material f ailure mode changes from
brittle (cleavage) fracture to a ductile behavior, characterized by
tearing of the material. Of these three responses of the material to
the irradiation, the increase in the transition temperature is of
prime consideration in assessing the potential for failure due to a
pressurized thermal shock (PTS) or any other scenario under which

.

relatively low RPV temperatures (much less than the operating tempera-
ture of 288*C) may be accompanied by significant pressure in the
vessel.

In recognition of such concerns, Appendix G of 10CFR50 (Title 10,
Part 50 of the Code of Federal Regulations) has established a PTS
screening criterion of 270*F for plates, forgings and axial weld
materials, and 300*F for circumferential weld materials. In each

case, the criterion gives upper limits on the reference temperature,
RT as defined in the ASME code. RT is also used in an analy-

NDT, NDT
tical sense to index the KTR (reference stress intensity factor) curve
in Appendix G of Section 111 of the ASME Code. Prior to operation of

is a relatively simple task, involvingthe RPV, determination of RTNDT
tests of drop weight and Charpy-V notch (C ) specimens. RT is

defined in the ASME code as the greater of T (the nil-ducikityy

ankTT -60*F, where T
N

transition temperature of drop-weight tests) Cv
(of three)Cv"shall exhibit atis either the index at which each C testy

least 35 mils lateral expansion and not less than 50 f t-lb absorbed
energy" or the temperature at which the lower bound C curve exhibits ,

y

50 f t-lb and 35 mils. To account for irradiation effects, Appendix G

of 10CFR50 states that " adjusted reference temperature" means the
reference temperature as adjusted for irradiation effects by adding to i

RT the temperature shift (AT), measured at the 30-ft-lb (41-J)
NDTlevel, in the average Charpy curve for the irradiated material

relative to that for the unirradiated material.

As with the determination of RT the pre-operation critical stressNDT,
curve can be determined in a straight-forwardintensity factor (KIc)

manner for the RPV materials, assuming that the larfe test specimens
required are available. After irradiation, it is dit Licult to measure

the K curve directly because the large specimens which would be
required are prohibited in the space available for surveillance
capsules. For calculation of pressure-temperature (P-T) curves,
Appendix G of the 10 CFR 50 assumes that the K curve of the irradi-yc

curve as indexed by theated material is defined by shif ting the K
mentioneh above. (For accident" adjusted reference temperature"

_ _ _ _ _ _ --
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analyses, the K curve in Appendix A of the Section XI of the ASMEyc
Code is used as the reference curve which is indexed at the " adjusted
reference. temperature.") However, it is necessary to establish
whether or not the shift in the C curve at 41 J is an accurate ory
conservative estimation of the temperature shift in the K curve in

Icorder to ensure that overestimation 'of the material toughness does not
occur. This study combines the available f racture toughness and
Charpy-V data (from the same material irradiation conditions), to
assess the relationship between AT's measured by each test type.
[Since very large specimens are required to give valid K data, thege
fratture toughness data used are from an elastic plastic analysis
(KJc) and from a "S c rrection" to the K data (Kge).] In thisIc Jeway, an assessment can be made of the degree of conservatism (or lack
thereof) afforded by using AT from C to estimate AT for K.

y

2. MATERIALS
|

The materials used in this study have been characterized over several
i years, initially at the Naval Research Laboratory (NRL), and more

recently at MEA. Included in the study are an A 508 forging, several
, heats of A 533-B and A 302-B plate, and submerged-arc welds made with
! Linde 80, Linde 0091 and Linde 124 fluxes. A listing of the material

chemistries and fluences for the subject conditions is given in
Table 1. All of .the irradiations were conducted in test reactors,

j under accelerated flux conditions, at nominal temperatures of 288*C.
'

The four heats listed in Table 1 for which fluence data are not avail-
able (67C, 68A, 68C and 6A2) have variations 'in phosphorous, nickel
and copper contents, and will be characterized to give more informa-
tion about chemistry effects on AT comparisons.

3. DATA ANALYSIS PROCEDURES

3.1 Notch Ductility (C.)

Notch ductility. was determined using Charpy-V impact specimens. The
Charpy-V energy (C E) data for each heat and condition (irradiated or

j
;

y
unirradiated) were fit to a hyperbolic tangent function:

,

"T - T
O

CE=A0 + ^1 anh ()y A
2. .

where A , A , A2 and TO (are determined through a nonlinear regressionO y
; analysis. Both shelf upper and lower) and transition data were*

included in the same fit to Eq. 1, as opposed to using only transition
data for a transition region fit, etc. Since few data were determined
in a lower shelf region, some of the fits drop to negative C levels
at low temperatures. A non-negative lower shelf was not forced, since

y-

the . purpose for using the chosen equation was to model the data and
not to force the data to a model. (The " negative" C levels given by,

y
some of these fits do not have any impact on the results used here.)

2

!
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A nonsloping upper shelf fit was used since justification for a
sloping upper shelf was not evident for cases in which sufficient
characterization of the upper shelf trends was available.

Once a given set of data had been fit to Eq. 1, the upper shelf level
and the transition temperatures at various C indices were determinedy
fron:

Upper Shelf Energy (USE) = A0 + ^1 (}

# (}T1ndex " 0+A2 A
. 1 |.

|
where CE was selected as 41 J (30 ft-lb per Appendix G of |Id10CFR50)yanS N J (50 ft-lb). |

3.2 Fracture Toughness (K dy

The fracture toughness data of interest here are only those within the
brittle-to-ductile transition region. No data with stable crack
growth of more than 0.15 mm are included.

The static fracture toughness data were determined using compact
toughness (CT) specimens. These specimens were full thickness IT- and
0.5T-Cr designs, with several differences from the standard ASTM E 399
design. The major difference was in enlargement of the notch region
to permit placement of razor blades on the " load line" for mounting of
a displacement transducer. The enlargement of the notch forced an
increased spacing of the pin holes and in some cases a reduction in
the pin hole diameter. The pin hole changes were required to maintain
sufficient ligaments above and below the holes to prevent bending or
bulging of the ligaments.

Because of the small specimen size forced by the constraints of the
test reactor irradiation facility, the maxinum K levels which could
be obtained by ASTM E 399 were below 50 MPa/m (~ 4b kai/ E D , much too
low to provide a meaningful result. For cases in which only a Kgnumber was obtainable, the J integral, an elastic plastic fracture
pa rame te r, was used for data analysis. Specifically, the J value at
test termination was taken to be J since by definition that wasCrit,
the J value at the initiation of " crack growth," albeit fast cleavage
fracture. AK value was then calculated from:yc

=!EJ / (1 - v ) (4)K

where E is Young's modulus at the test temperature, and v is Poisson's
ratio, taken as 0.3 for all of these data. For cases in which a K ycvalue could be determined from the test record, the K value from3cEq. 4 (with v = 0.3) matched the K value within 5%.yc

| 4
:
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As with the C data, the K data were modeled with a mathematicaly yc
expression, in this case:

(}K =B0+ 1"

where B, B, and B are determined through a nonlinear regression
O g 2 0,analysis. Since the regression results were not restricted to B

0 > lowin many cases the resultant curve will give negative KJe valuca at

temperatures.

|
The transition temperatures at various indices were determined from
Eq. 5 in the following form:

Index ~ 0
T "Index " 2 B

1. .

with K values of 75, 100 and 150 MPa/E used. For comparisons
Index of 100 MPa/E was used. Thiswith C data at 41 J (30 f t-lb), KIndexy

use is supported by correlations from Rolfe and Novak (Ref. 5) and
Sailors and Corten (Ref. 6). From Reference 5

K = / 0.00022 E (C ) * (7)
k

and, with E = 206800 MPa and C = 41 J, theny

KIc = 109 MPa/E

From Reference 6,

1c = 14.6 (C )0.5 (8)K y

and with C = 41 J,y

K = 93 MPa/Eyc

The average of these two is then ~ 100 MPa/5.

3.3 Fracture Toughness Data with the Irwin 87c Adjustment (K dg

For cases in which a K value could not be obtained from a fracture
Ic

toughness test, an approximation to K better than K was sought.
Ic Jc

For such cases, Merkle (Ref. 7) has recommended use of the Irwin S Ic
adjustment (Ref. 8), to give small specimen fracture toughness values
which " consistently vary within the same range as the values deter-
mined from larger valid LEFM specimens and large structural tests"
(Ref. 7). Caveats to the use of this adjustment procedure are that

1

5



cleavage fracture should be the failure mechanism and not ductile
tearing, the correct critical conditions are at the onset of unstable

cleavage fracture and not the maximum load point and, finally, the
testing should be performed in displacement control to accurately
locate the cle.vage point on the load-displacement record. The data
used in this study were limited to the transition region, with cleav-
age fractute the f ai lure mechanism, as preceded by no more than
0.15 mm of stable crack growth or blunting. All of these tests were
conducted in displacement control, and the J value at the onset of
cleavage fracture, termed J here, was used to calculate the KCrit yc
values. Therefore, all of the necessary conditions for using the S

Icadjustments appear to be met.
|
|

From Reference 7, |

S ~OIc + O (*
c Ic

K 2

=f#where B

S2
OIc " ays

and B the specimen thickness=

o = the 0.2% offset yield stress at temperatureys "non plane strain fracture toughness" = KK =

K8c = to be solved for (this is differentiatedCfrom K since
simply approxkcthese are not true K values but mations7c

to K values).Ic

Rearranging Eq. 9 gives:

8 3 + (5/7) 8 - (5/7) 8 =0 (10)Ic Ic c

Several calculated parameters can be defined:
:

m = (5/14) 8 (11) 1

|

A = m + +m (12)g 2

A =A - 2m (13)2 g

,

6
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; 8 can be calculated from:Ic

S =A -A (14)k g

; and finally,
.

K =o /B S (15)g ge

By definition, K values were not adjusted using this sic Procedure.7c
.

As with the K data, the K data were modeled with an exponentialyc 8c
function:

- K =C (10
'

g O+Cg
.

|
'

with C, C and C determined through a nonlinear regressionO 2
j analysis. S nce C is not limited to non-negative values , the best-
; fitcurvesmayyielknegativevaluesatlowtemperatures.

! The transition temperature at various indices was determined from
j Eq. 16 as follows:

, ,

! ~ 0Index
in (I }! TIndex " 2 C

1. . .

j with K values of 75 and 100 MPa/5. Since many of the K curvesInde gedid exceed 75 MPa/m but few exceeded 100 MPa/m, comparisons with;

C = 41 J and KJc = 100 MPa/s were made at K8c = 75 MPa/5.
'

y

,

!

4. TEST METHOD COMPARISONS |
:

! The focus in this section is on the change in temperature (AT) at a
t specific index due to irradiation, as opposed to the absolute tempera-

ture at the index level. Comparisons between AT's from notch
ductility and fracture toughness are based on product form, with
comparisons at a C energy level of 41 J and fracture toughness levelsy

from 75 to 150 MPa/m.

4.1 Charpy-V vs. Kyc

Comparison of AT's from C at 41 J [AT(C C 41 J)] and K at
reveals an interesting trend.Jc In100 MPa/E [AT(KJc @ 100 MPa/m,)]

y

Fig. I for base metals, only three of the eighteen base metal points
represent conservative estimates of AT(KJe @ 100 MPa/E) by
AT(C, @ 41 J). All - three of these points are from a single heat of
A 533-B plate (the HSST 03 plate) tested as a part of the LWR-PV
Dosimetry Improvement Program (Ref. 2). The largest deviation is for

I the A 508-2 forging, with AT(K = 102*C and AT(C ) = 19'C. .The base |(excluding the A 508-2 fo)rging which will "be discussed later)y
metals
have a AT(C ) which averages 22'C less than AT(KJc)*y

7
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4 In contrast to the base metal results, the welds (Fig. 2) illustrate
good correspondence between AT(C ) and AT(KJc), at all AT levels.y

Here, AT(C ) averages 5'C higher than AT(Kye)y

i Combining both data sets (Fig. 3) illustrates the dif ferences in the
t

behavior of the two product forms. At high AT(KJc) levels, the corre-
sponding AT(C for base metals is much less than the weld metalAT(C ) levels.y)! The A 508-2 forging point far exceeds any reasonabley

scatter band which one would draw around these data.

Table 2 gives linear least-squares fits to three dif ferent equations
'

relating AT(C ) to AT(KJc)y
,

4T(Kye) = AM C M +K My e g

] AT(K "A v} + 2 (Je

AT(K ) = AT(C )K (20)y 3
I

! with i 1-o levels also given. (These analyses were made excluding the'

A508-2 forging point, which is t.he only forging data in this data
j base.) While the latter two equations are simply less general subsets

|of the first, they are less complicated ways for adjusting non-
; conservative AT estimates.

Similar conclusions about AT(C ) and AT(Kje) can be made at KJe levels
of 75 and 150 MPa/E (Table 2)y For example, AT(C ) for base metal !

. ytends to average 22*C less than AT(K
) while AT(C"o)seness

for weld metal,

' averages 6*C greater than AT(K
level implfes).

In fact, the cl of the K !2; values at each K !that on average the K curve for
; irradiated material is very similar in curvature to that for i

yc
'

unirradiated material.

The C, and K data available for the A 508-2 forging are illustrated,

in Fig. 4. Nile variations in the C
'

data are such that the unirra-y

J diated and irradiated data overlap, the K data ' exhibit a distinctJedifference between unirradiated and irradiated specimen behavior. One jcautionary note required here is that there are few irradiated K;

Je
: data points (only four) and these few points do exhibit considerable
i variability. Regardless of the variability consideration, major ,

'

| differences between C and K indications of the irradiation degrada-y ye
| tion are apparent.
>

4.2 Charpy-V vs. Kge

i Comparison of AT(C ) and that from K i.e., AT(Kac), reveals differ-y 8c,
;' ent behavior from the prior K comparisons. As iIIustrated in Fig. 5

ffMPa/i)for base metals, AT(K
ge @(K is generally much closer to

AT(C,@ 41 J), than was AT Jc @ 100 MPa/5). On average, AT(C ) is
] only 10*C less than AT(K y

ge)(Fig. 6),
(Table 3), vs. 22*C less when compared to

i AT(KJc). For weld metals the overall variation is signifi-
! cantly higher, with AT(C ) averaging 11*C greater than AT(Kge). Withy

| both plates' and welds combined (Fig. 7), AT(C ) 1s withIn 1*C of
: AT(Kge), on average.

. y

8
i
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Table 2 Statistical Comparisons Between AT(C ) and AT(Kye) -- Eq. 18-20y

C K Product AT(KJc) = AT(C )Ko+Kg AT(KJc) = AT(C ) + K2 AT(KJc) = AT(C )K3y Jc y y y
Level Level Form

K K tla K lo la Range K lo iloo g 2 3

(J) (MPa/5) (*C) (*C) (*C) (*C) (*C) (*C)

41 100 Base 1.039 19.3 18.6 22.0 18.6 + 3.4:+40.6 1.303 0.260 19.1
Weld 0.896 3.3 15.6 -5.1 16.1 -21.2:+11.0 0.929 0.171 15.7 '

Both 0.835 21.2 21.4 8.9 22.0 -13.1:+30.9 1.081 0.280 22.8
1

41 75 Base 1.106 12.6 20.6 19.9 20.7 - 0.8:+40.6 1.278 0.283 20.8-.
"" Weld 0.908 1.9 15.3 -5.6 15.7 -21.3:+10.1 0.927 0.167 15.3

Both 0.860 18.0 21.9 7.6 22.3 -14.7:+29.9 1.070 0.281 22.9

.

41 150 Base 1.184 8.9 19.2 21.7 19.5 + 2.2:+41.2 1.307 0.263 19.3
Weld 0.987 -5.2 29.6 -6.3 29.6 -35.9:+23.3 0.933 0.324 29.6
Both 0.929 13.5 28.2 8.2 28.3 -20.1:+36.5 1.085 0.352 28.7
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Table 3 Statistical Comparisons Between AT(C ) and AT(K8c)y

C K Product AT(K8c) = AT(C )K, + K AT(K8c) = AT(C ) + AT(K8c) = AT(C )K3
y ge y yLevel Level Form y

y

K, K ilo g la la Range K la Ic
g

3
(J) (MPa/5) (*C) (*C) (*C) (*C) (*C) (*C)

41 75 Base 1.028 8.2 13.3 10.2 13.3 - 3.1:+23.5 1.140 0.183 13.5
,

Weld 0.839 1.7 21.1 -11.3 22.0 -33.3:+10.7 0.856 0.231 21.1Both 0.806 14.3 20.0 -0.2 20.8 -21.0:+20.6 0.972 0.254 20.72

41 100 Base 1.253 -26.6 21.2 -9.0 21.6 -30.6:+12.6 0.890 0.300 22.1Weld 0.785 -6.2 49.0 -23.5 49.7 -73.2:+26.2 0.722 0.536 49.1Both 0.821 -2.6 37.6 -16.0 38.0 -54.0:+22.0 0.790 0.462 37.6

i
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At aK
1-c likts oflevel of 100 MPa/E, the scatter increases significantly with

i 22*C for base metals and 2 47'C for welds (Table 3).In one case, AT(K @ 100 MPa/E) is 150*C less than AT(K3e @100 MPafn), with a AbCge) of -68'C at this level. This anomaly and
in general the poor correspondence is at lease partially attributableto an absence of K data above 80 MPa/3. This absence of data inge
combination with the very large reductior in unirradiated K level due
to the B adjustment (and the much loser yield stress values fory

unirradiated material vs. irradiated material) lead to a question of
the reliability of using AT(Kge) values extrapolated out to the
100 MPa/E level for these data; a recommendation here is to not
include the latter in consideration of variances between AT(C ) andAT(K). y

4.3 47c vs. K
Sc

As mentioned above, the B adjustment has the effect of reducing highyetoughness, unitradiated K data much more than high toughness irradi-je
ated K data. Therefore, as a general rule, AT(K6 ) will be lessthan ANKJc). In 73% f the cases. AT(K

3c)8c)
is less than AT(K3c), by-

as much as 39'C. In cases where AT(K exceeds AT(Kye), it does soby a maximum of 7'C. This correspondence is apparent in Fig. 8 forbase metals and Fig. 9 for weld metals. From Table 4, on average the
AT(Kge) for base metals is 12'C less than AT(Kje), while for veld
metals AT(Kge) is only 6*C less than AT(Kje), on average.
4.4 Curve-Fit vs. Eyeball

t

Prior to this publication, all of the C (and most of the K
and Kge)data reported by current MEA personnel at MEA and earlier at the NRL

y Jc
had been analyzed using an eyeball or hand-fit method. This methoddoes have ad vantages , such as the ability of an experienced user to!

synthesize a curve where insufficient data exist and " weighting" of>

data based upon historical perspectives. In general, however, the useof
standardized computer routines for curve fitting guarantees a

repeatable, unbiased fit, which is not user dependent. Since many of
these C data (and other data not included here) originally were fity

using a manual technique and form a unique data base used for assess-ing composition,
fluence, and other effects on radiation sensitivity,

comparison of the manual-fitting results with computerized results was !
considered germane to this study. These comparisons have been madefor C data in terms
41 J a,nd 68 J. of transition temperature (absolute) and AT at

Additional comparisons were made for K 1

3e and K data,with all of the results summarized in Table 5. ge

1 As is evident in Fig. 10 for all of the C temperatures at 41 J,
excellent agreement exists at all levels, from low to high tempera-

y

t u re s .
In fact, the manual temperature overestimates the curve-fittemperature by less

than 2'c on average, with base metals yielding an
t

average overestimate less
below 3*C (Table 5). than l'C and welds an average overestimate

The AT's (Fig.11) exhibit similar good agree-ment, with a 1-0 range of 6*C. Here, the weld AT's yield a better
average correspondence than the base metal AT's.

I

I
i
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Table 4 Statistical Comparisons Between AT(Kyc) and AI(Kge)

K K Product AT(Kge) = AT(KJc) o * Elyc ge AT(Kge) = AT(Kje) + y AT(KSc) = AT(Kje)K3Level Level Form
K K tlo K ilo la Range K *I" *I8e g 2 3

(J) (MPa8n) (*C) (*C) (*C) (*C) (*C) (*C)

100 75 Base 0.793 7.1 8.1 -11.9 9.6 -21.5:-2.3 0.865 0.085 8.3
Weld 0.972 -4.1 11.5 -6.2 11.6 -17.8:+ 5.4 0.929 0.135 11.7

Both 0.898 -0.6 10.3 -9.1 10.8 -19.9:+ 1.7 0.892 0.114 10.3

_ __ _ _. _ _ _ _ _ _ _ _ _ _ _ _ _ .
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Table 5 Com, arison of Manual-Fit and Computerized-Fit Results
'

|
.

1
'

; Test Type- Data Product Average ilo

Index Type Form Deviation
,

,.

j C -41J T Base -0.6*C 15.0*Ca
y

! Weld -2.8 4.9
Both -1.6 5.0

|

D
| AT Base -1.4*C 5.5'c

Weld -0.1 6.0
Both -0.9 5.6,

:

eC -USE Level Base +0.4 J 2.9 J iy
Weld +2.2 3.4 1

Both +1.2 3.2 |j

f Dropd Base +0.3 J 3.5 J
Weld +1.4 3.7 :

Both +0.8 3.5 i

j KJc-100 MPa/E T Base -0.4*C 7.4*C {
i Weld +0.7 6.2 6

| Both +0.1 6.8 i

!,.
;

| AT Base +2.2*C 8.5'C |:
. Weld -1.8 6.5 !

| Both +0.4 7.8 f
'
.

! K -75 MPa/E T Base +0.9'c 3.6'c i

ge
Weld +0.0 5.7

! Both +0.5 4.4
4

,

'

i AT Base +1.7*C 3.7'c :

j Weld -4.3 3.9 i

Both -0.5 4.7 !
.

.

I l
e

!* Transition temperature
,

b Transition temperature increase

c Upper shelf level
| d Drop in upper shelf level
l
,

| 19
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For C upper shelf energy (Fig. 12), excellent agreement again resultsy
in comparing manual vs. curve-fit levels (1-J overestimate on 1

average), with change in upper shelf level (Fig. 13) yielding a better |
average correspondence, but slightly greater variability. As with i

earlier data type comparisons, the greatest discrepancy is for the
A 508-2 forging, with an underestimate of 16 J for the USE drop. That
difference represents an equal 8-J increase for the unitradiated upper
shelf and an 8-J decrease in the irradiated upper shelf, as determined
from the curve-fit results.

For temperatures at K of 100 MPa/5, (Fig. 14) each product form has
Je

the manual result within 1*C of the curve-fit result, on average. For
the AT's, (Fig. 15), the manual result is again within 1*C of the
curve-fit result, on average, but the variability is somewhat greater
than for the absolute temperature comparisons.

For the K data at 75 MPa/5, both temperature (Fig. 16) and AT
(Fig. 17) y[ eld manual values within 1*C of the curve-fit values, on
average. The standard deviations for the K comparisons are much

8c
less than the K C mparisons, attributable to the smaller (and hence

Jc
more controlledJ number of data sets for which K had been manuallyge
curve fit.

-

4.5 Other Comparisons

While considerable interest is focused on the properties of so-called

low upper shelf materials with USE levels below 68 J, use of a Cy
index at 41 J forces consideration of the C curve at levels below they

middle of the transition for heats with USE levels above 82 J. For
such heats, it is of interest to compare temperature shifts at the
41-J 1evel with shif ts at higher energy levels. This comparison will

give an indication of the relative curve shape between the unirradi-
ated and irradiated conditions, with possibly a better indication of
the average AT for such higher toughness materials. As an example of
such a considerction, AT(Cy @ 68 J) is compared with AT(C @ 41 J).y

In Fig. 18, on average AT(Cy @ 68 J) is 5'C greater than
AT(Cy @ 41 J), with a 1-o range of 9'C (Table 6). This implies that
the irradiated C curves have a tendency to " lay-over" or flatten-out

y
in comparison to the unirradiated curves.

|

| For the K data, alternative indices of 75 and 150 MPa/E have beer.y

| considered Sere (Table 7). The AT(K 75 MPa/5) is 1*C lower than
Je @ ithw a 1-o range of Il*C

19)yc @ 100 MPa/5),AT(K| the on average,
AT(K @ 150 MPa/5) is on average 1*C lower than theI (Fig. .

AT(K @ 100 MPa m , with a 1-o range of 18'C (Fig. 20). The
varibility of the latter comparison here is much greater than that
for the former comparison, as the 1-0 ranges indicate. Nevertheless,

the lack of variability in average values imply that the K C"#V"Jc
does not tend to change shape with radiation.

Unlike the K and C data comparisons which show only minor changesyc y

|
in AT by changing the index point, the AT(Kge @ 100 MPa/5) is

' considerably different frcm that at 75 MPa/E, on average (Table 8).
As illustrated in Fig. 21, considerable variability is apparent, with

21
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Table 6 Statistical Comparisons Between AT's at C Indices of 41 J and 68 Jy,

Product AT(C 8 68 J) = AT(C ,9 41 J)K -+ K AT(C 9 68 J) = AT(Cy @ 41 J) + K2 AT(C, @ 68 J) = AT(Cy @ 41 J)K3y . o 3 y
Form,

K, K- ila K ila la Range K ila ilag 2 3,

(*C) (*C) (*C) (*C) (*C) (*C)

Base 0.670 24.5 5.5 1.8 7.9 - 6.1:+ 9.7 1.006 0.110 8.1.

.y Weld 1.139 1.2 6.1 10.2 7.8 + 2.4:+18.0 1.155 0.082 6.2
' Both 0.998 25.3 8.8 - 5.2 8.8 - 3.6:+14.0 1.068 0.123 9.0

:

,
,

f

;

l

i

:
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Table 7 Statistical Comparisons Between AT(K 9 100 MPa/5) with Alternate Indices of 75 and 150 MPa/E
'

yc

K Product AT(Kye) = AT(Kyc @ 100)K +K AT(KJc) = AT(Kyc @ 100) + K2 AT(Kye) = AT(KJc @ 100)K3yc e g

Level
K K flo K ilo la Range .K ilo iloe g 2 3

(MPa6i) (*C) (*C) (*C) (*C) (*C) (*C)

75 Base 1.014 -3.3 10.1 -2.1 10.1 -12.2:+ 8.0 0.980 0.104 10.2
Weld 0.963 2.3 11.3 -0.5 11.4 -11.9:+10.9 0.988 0.131 11.3
Both 0.974 0.9 10.6 -1.3 10.7 -12.0:+ 9.4 0.983 0.116 10.6

m -150 Base 0.914 7.6 14.9 -0.3 15.0 -15.3:+14.7 0.992 0.154 15.0"
Weld 1.143 -11.9 21.0 -1.2 21.7 -22.9:+20.5 1.015 0.251 21.7
Both 1.068 -6.4 18.2 -0.7 18.3 -19.0:+17.6 1.001 0.201 18.3,

i

.

1
i
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j Table 8 Statistical Comparisons Between AT(Kge) at Indices of 75 and 100 MPa/m
f

'

AT(K6c @ 100) = AT(K6C @ 75)K
4

3i Product AT(Kg @ 100) = AT(Kgc @ 75)K +K AT(Kg @ 100) = AT(Kg @ 75) + K2o 1

; Form
K K 110 K ilo la Range K *l8 *I8

3
4 o 3 2

>

(*C) (*C) (*C) (*C) (*C) (*C)
>
f;,

y ,

i Base 1.047 -22.9 19.2 -19.2 19.2 -38.4:+ 0.0 0.778 0.237 20.1
,

I Weld 1.244 -29.1 31.6 -12.2 33.0 -45.2:+20.8 0.919 0.428 34.7 ;
1

w Both 1.170 -28.4 26.1 -15.8 26.6 -42.4:+10.8 0.843 0.346 28.3 i
+

'e

4

4

!
:

; ;

;

;

i

1

,

,
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an average decrease of 16*C using AT at 100 MPa/E, with 1 o of 27'C. I
;

!
The cause of this extreme variability is the extrapolation of the K

! curve fits beyond the available data to 100 MPa/i, while little daka
e

i extends above 80 MPa/5.
!

5. COMPARISON OF CHARPY-V SHIFTS WITH CORRELATIONS

l
! Many differing and independent ef forts have sought to develop proce-
i dures for predicting transition temperature shifts induced by 288'C

irradiation (Refs. 9 to 19). These procedures typically take into !

account product form (either weld or base metal), atomic or weight
|

percentage of key elements such as copper, nickel, phosphorus,
silicon, molybdenum, manganese and carbon, and most importantly, the
neutron fluence for the pertinent material. Some of these procedures

j

: are based upon surveillance or experimental (test reactor)-irradiation
i data, with no distinction made in some cases. In addition, mean

values are sought by some of these procedures, and upper bound values
are determined in other cases.

,
,

This section compares these data (C , KJc ge) with predictions ofand Ky

i AT from the various correlations, to assess the applicability of the,

correlation to the data (or the data to the correlation). First, a

description of each of the correlations is given, along with the.,

! assumptions and limitations of the equations.
;

i 5.1 Guthrie Trend Curves - 1983 (Ref. 9)

i
Guthrie of the Hanford Engineering Development Laboratory (HEDL) used

i
177 PWR surveillance data points (126 from plates and 51 from welds)

] to develop separate trend curves based on product form, and nickel and
| ccpper content. The mean trend curves are
:

i

! Welds: AT = [624Cu - 333.1 /CuNi + (21) ,

251.2Ni] 4(0.28185 - 0.0409 in 4)
4

f Plates: AT = [-38.39 + 555.6Cu + (22)

480.1Cu tanh (0.353Ni/Cu)] ((0.2661 - 0.0449 in e)
:

!

! with 4 = fluence ($t)/10 n/cm2 (E > 1 MeV)I9
e

! Cu = weight % of copper
Ni = welght % of nickel '

:

AT = *F ;

!

Standard deviations from the data used were 28'F for welds and 17'F
; for plates.

I

I

,1 ' ,

|
|

31t
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5.2 Odette/Perrin Correlations - 1984 (Ref. 10)

These correlations were developed using the Electric Power Research
Institute's Irradiated Pressure Vessel Steel Data Base (Ref. 20),
composed of data from power reactor surveillance only. Fluence,
copper and nickel content, and product form are the primary variables
in these mean correlations, which take the form of:

Plates: AT = 216 Cu [1 + 0.33 (erf[0.77Ni-CuI+ '0.28Cu

!

Welds: AT = 200 Cu [1 + 1.38 (erf[0.3N ] + 1)] (24)C

[1 - exp( 0.11)] . 6 ,0.18#
r

I9with 4 = fluence ($t)/10 n/cm2 (E > 1 MeV)
i Cu = weight % of copper

Ni = weight % of nickel
erf = an error function tabulated in Ref. 10
AT = 'C

For upper bound shift estimates, recommendations are to add a 24'c
uncertainty to the nominal calculations above, based upon twice the
mean residual error for the data base used.

Limits of applicability of these correlations are:

Fluence : 0.2 to 6 10I9 2n/cm1I 2Flux : < 5 10 n/cm j,,c
Composition:

Plate : Ni < 0.8, Cu < 0.25
Weld : Ni < 0.8, Cu < 0.38

Ni < l.2, 0.2 < Cu < 0.25Irradiation Temperature: 275'C to 310*C

5.3 1Metal Properties Council - 1983 (Ref. 11)
1

MPC Subcommittee 6 on Nuclear Materials used surveillance and experi- !

|mental irradiation data collected prior to November 1977 in their
}analyses. Fluence and copper content were the primary variables, with

the mean shift equation given by: l

Cu) (4) 1AT = (ag+bg (25)

I9 twith 4 = fluence (4t)/10 n/cm2 (E > 1 HeV)
i

Cu = weight % of copper
AT = 'F

!
32
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b, and k are given in Table 9 based uponTabulated values of ag, g g

product form and data type (surveillance or experimental). A modified
equation gives upper bound estimates:

Cu) 4 +c4 (26)AT = (a2+b2
with Table 10 listing values for these constants based upon data type
only. (A lower limit of 0.05% Cu is placed on Eq. 26.)

These equations are limited to:

Fluence : 10 to 10 n/cm2 (E > 1 MeV)16 20

Irradiation Temperature: 277'C to 310*C

i 5.4 ASTM E 900 - 1983 (Ref. 12)

The ASTM guide for predicting transition temperature shifts is based
upon the MPC report. Specifically,'

AT = (4 + 5/0 Cu) 4 31 (27)0

with 4 = fluence (4t)/10 n/cm2 (E > 1 MeV)I9

Cu = weight % of copper
AT = *F

With this mean curve, copper values briow 0.05% should use 0.05%, and
values above 0.4% should use 0.4%. For upper bound estimates,
predicted values of 90*F and above should be supplemented with 67'F
(based on 2a), while predicted values below 90'F should be multiplied
by 1.75 (based on an inspection of residuals) for the upper bound.

5.5 Varsik - 1983 (Ref. 13)

Varsik used available surveillance data, in this case over 200 data

points. Primary variables used are fluence, and nickel, copper,
silicon ..nd phosphorus content. The mean expression developed was of
the form:

AT = [ A + B Cu + C Ni + D Si }e (28)
,

i
j

with 4 = fluence (4t)/10 n/cm2 (E > 1 MeV)I9

Cu = weight % of copper
! Ni = weight % of nickel

Si = weight % of silicon

AT = 'F

Tabulated values of A, B, C, D and k are given in Table 11, depending
on product form, nickel content and fluence.

|

f
33
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'

|.i

Table 9 Constants for MPC Mean AT Equation (Ref. 11)

,

k[ Data Type Product Form AT = (ag+bg Cu) (6)
i
} ag b kg g

!
'

:
8Experimental Weld -2.3% 602.1 0.327 '

i Only A302-B, A508" -29.12 603.6 0.428
i

A533;B" 17.71 466.6 0.320 |i All 5.20 519.4 0.332 |:
j Experimental Welde -7.23 637.5 0.330
: and Surveillance A533-B,Aj02-B,A508c 15.25 432.0 0.332
| All 3.58 539.9 0.314 [

j

|

\
.

I

r

!

ITable 10 Constants for MPC Upper Bound AT Equation (Ref. !!)
>

i

i !

unta Type Product Form
AT = (a2+b2 Cu) 4 +c4

s
i "2 b k e k2 2 3!

;;

!
Experimental All' 5.20 519.4 0.332 45.63 0.220

4

! Only ,

fExperimental A11 3.58 539.9 0.314 41.82 0.207i and Surveillance

|
'

:
i -

a = Experimental, welds and plates separately, mean curve
.! b = Experimental, all data, mean curve

!c = Surv. and exp., welds and plates separately, mean curve
I d = Sury. and exp., all data, mean curve ,

i e = Experimental, upper bound
i

f = Surveillance and experimental, upper bound
1

,
3

34
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Table 11 Constants for Varsik AT Equation

Product Nickel Fluence * A B C D k Io

(wt%) (*F)

A 302-B < 0.3 All -299.98 27.47 5188.57 -2330.69 0.44 19.8

A 533
A 302-B > 0.3 <1 -10.28 818.99 0.38 21.4
A 508-2

A 533
A 302-B > 0.3 >1 4.38 817.47 20.5
A 508-2

Welds All All -6.20 320.93 166.34 0.29 39.2

I9 2a Units of 10 n/cm , E > 1 MeV

I 5.6 Varsik and Byrne - 1979 (Ref.14)

The Varsik-Bryne correlations were derived using both surveillance and
experimental data, with the irradiat[gn tepperature limited to
288'c i 20*C, and fluence below 5 10 n/cm (E > 1 MeV). These
mean correlations, separated by product form, involve calculation of a
chemistry ratio, a normalized AT, then finally the actual AT. These
mean correlations are:

. .

"~ *
CR = Cu (29)1 + Mo

, ,

'' 810(CR) + 331.9 (30)Weldst ATN"

Platest aT = 515.9 log 10(CR) + 343.0 (31)
N

AT = AT (4/3) * (32)
N

with 6 = fluence (4t)/10 n/cm2 (E > 1 HeV)I9

Cu = atomic % of copper
Ni = atomic % of nickel
Si = atomic % of silicon
C = atomic % of carbon
Mn = atomic % of manganese
Ho = atomic % of molybdenum
AT = *F

35
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The primary caution given with these correlations ysn/cm{. E > 1 MeV)
in xtrapolating

AT (the normalized shif t at a fluence of 3 10g
to higher fluences.

In compiling the data for Ref. 13, Varsik also recomputed the weld
metal correlation given in Eqs. 29, 30 and 32. The revised weld
correlation is (Ref. 13):

~ ~

3.293 Ni - 0.417 Si - 0.587 C + 0.826 (Mn - 05)CR = "
0.5 - 0.615 Mo

. .

AT = (135.058 log 10(CR) + 168.474) 4 * 9 (34)

'
with 4 = fluence (4t)/10 n/cm2 (E > 1 MeV)I9

,

Cu = atomic % of copper
Ni - atomic % of nickeli

Si = atomic % of silicon
C = atomic % of carbon
Mn = atomic % of manganese
Mo = atomic % of molybdenum,

| AT =*F
i

5.7 lic11er and Lowe - 1984 (Ref. 15)

j The lleller and Lowe correlation is based on surveillance data from I
! Linde 80 flux submerged-arc welds only. Their correlation is given

'

bys
,

AT = -4.66 + (200 4)0.326 [-18.17 + 61.88 Ni + 49.12 Cu) (35)
)

I9with 4 = fluence (4t)/10 n/cm2 (E > 1 HeV)
Cu = weight % of copper
N1 = weight % of nicket
AT = *F

r

A 1-0 level of 28'F was found using the input data.

5.8 Berggren and Stallman - 1983 (Ref.16)

Reference 16 is not a true correlation, but is a summary of fitting
seven submerged are wold data sets to the models

AT = [30.7 - 0.218 (Tg - 299) + 89 (Cu - 0.30)) 4 5 (36)0

' with T = the irradiation temperature ('C) Ig

=weightperygntofcopperCu

4 = fluence /10 n/cm (E) 1 HeV)
AT = 'C

,

This formulation is included here for information only.

36
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5.9 Regulatory Guide 1.99 Rev. 1 - 1977 (Ref. 17)

Regulatory Guide 1.99 gives procedures for estimating the adjustment
of the reference temperature due to neutron radiation. The equation
given is

AT = [40 + 1000 (Cu - 0.080) + 5000 (P - 0.008)] 4 5 (37)0

with Cu = weight percent of copper

=weightpercentygphosghorusP

e = fluence ($t)/10 n/cm (E > 1 MeV)
AT = *F

! If Cu is below 0.08%, then 0.08% should be used, and if P is below
The fluence should be lower than

0.00gg,n/cmthep (0.008 should be used.6'10 E > 1 MeV), and Al should be not less than 50*F. An

.
upper limit of AT is defined as:

I

0.5I9
n/jg /cm2(Eg(1MeV):AT < 330 4for fluence below 0.6 10

0.1955n E > 1 MeV): AT < 282 4for fluences from 0.6 to 6 10

The Regulatory Guide is different from the other prediction eethods
previously mentioned, in that conservative (upper bound) estimates are

,

desired, and not mean values.

5.10 Draft Revision 2 to Regulatory Guide 1.99 - 1985 (Ref. 18)

The draf t of Revision 2 ef the Regulatory Guide is based upon several
factors, including the previously described works by Guthrie and
Odette. The mean value of AT here is

||

AT = (CF) 4 (0.28 - 0 10 log 9) (38)

fluence /10 n/cm2 (E > 1 HeV)I9with 4 =

= a tabulated chemistry factor, based on nickel and! CF
copper content, with separate weld and plate
tabulations
*F

'

AT =

Upper bound estimates of the shift are found by adding 56*F to weld
AT's and 34 *F to base metal AT's.

5.11 NRC Screening Criteria - 1982 (Ref. 19)

As a part of the NRC staf f evaluation of pressurized thermal shock
(PTS), a Cuthrie mean curve was recommended for use

0.27AT = [-10 + 470 Cu + 350 CuNi] 4 (39)
,

'

37
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with Cu = weight percent of copper
Ni =weightpergntofnickel

9 - fluence /10 n/cm (E > 1 MeV)
AT = 'F

Upper bound values are then found by adding 48'F to the calculated
mean value, where this represents a 2a bound based on the input data.

5.12 C.. Comparisons

0 41 J) with predictions based on the
Statistical comparisons of AT(C,ble 12.correlations are listed in Ta (Any correlation predictioni

yielding a negative AT was set to a zero shift.) Average deviation of

the predicted AT and the measured AT(C, 0 41 J) and and it-a standard
deviations are listed in this table. In addition, the number of data
points overpredicted and underpredicted by the correlation are
listed. In this table, a positive number indicates an underestimate
of the actual AT(C 0 41 J), with a negative number indicating any
overestimate (conservative estimate) of the actual AT(C,@ 41 J).
Plots comparing the measured and predicted AT values are given in
Appendix A.

With each correlation, the AT for weld metal is conservatively
estimated on average by the correlations, with the closest (average)
predictions from the HPC mean curve derived from all experimental
data. For the base metals, most of the correlations give accurate-to-

slightly-nonconservative average estimates of AT(C, @ 41 J), with all
of the correlations having an average underestimate of less than
10*C. The closest prediction in terms of the average, absolute
deviation is the HPC mean curve for all experimental data with the
Varsik-Byrne correlation yielding the smallest, average deviation from
the conservative correlations. In general, the AT's for base metal
are well predicted by ti.e correlations.

5.13 {ge Comparisons

100 HPa/t'n) comparisons with the correlation predictionsAT(K
listek @in

The y
Table 13, with comparison plots given in Appendix B.are '

The major dif ference between this table and Table 12 is that A 508-2
forging data have not been included here, due to the largo discre-
pancies between the AT(Kje) and AT(C ) for this heat noted earlier iny

. section 4.1
!

As with AT(C ), on average the weld metal AT's were conservativelyy
estimated by each correlation. The HPC mean curve f rom all experi-
mental data provided the best match, on average. For base metals,
several of the correlations overestimate the AT(K

ye) derestimate,
on average, but

most of the correlations result in a large un on
average. The closest correlation on average is the HPC upper bound

based on surveillance and experimental data, with the HPC uppercurve
bound curve f rom experimental data giving the next best match.

i
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Table 12 Comparison of Measured AT(C,@ 41J) with Correlation Predictions ;

:

| I'

Base Metals Weld Metals All Data !

Avg. (la) Over/ Avg. (la) Over/ Avg. (la) Over/
Under Under Under '

(*C) (*C) (*C) (*C) (*C) (*C)
&

Cuthrie (Ref. 9) +6.3 (12.7) 5/13 -33.9 (23.7) 16/0 -12.6 (27.4) 21/13 ,

Odette/Perrin (Ref. 10) +4.7 (10.7) 5/13 -22.5 (20.2) 14/2 -8.1 (20.8) 19/15 !

MPC (Ref. 11)
1* +1.6 (14.7) 5/13 -25.1 (31.8) 12/4 -11.0 (27.5) 17/17b2 +0.8 (17.1) 8/10 -15.3 (25.5) 11/5 -6.8 (22.6) 19/15 ;

3e +3.3 (15.1) 7/11 -28.5 (34.9) 11/5 -11.7 (30.5) 18/16dA +1.0 (17.3) 8/10 -17.3 (26.3) 11/5 -7.6 (23.5) 19/15
5*f -31.1 (17.8) 18/0 -42.5 (26.8) 16/0 -36.4 (22.8) 34/0
6 -27.8 (17.7) 18/0 -42.1 (27.2) 16/0 -34.5 (23.5) 34/0

$ ASTM E 900 (Ref. 12) +0.9 (17.2) S/10 -17.4 (26.1) 11/5 -7.7 (23.4) 19/15 !

Varsik (Ref. 13) -5.4 (21.1) 11/7 -29.6 (23.0) 14/2 -16.8 (24.9) 25/9
Varsik/Byrne (Ref. 14) -5.5 (18.4) 10/8 -33.4 (36.4) '12/4 -18.6 (31.3) 22/12 ,

Rev. Varsik/Byrne (Ref.13) -20.8 (19.7) 13/3 |Beller/ Love (Ref. 15) -22.1 (22.9) 6/2 |Berggren/Stallman (Ref. 16) -40.9 (27.0) 18/0 -40.6 (36.4) 14/2 -40.8 (31.3) 32/2
RC 1.99 Rev. 1 (Ref. 17) .-51.4 (45.5) 17/1 -46.4 (26.6) 16/0 -49.1 (37.3) 33/1 ;

ac 1.99 Rev. 2 (Ref. 18) +4.8 (11.9) 5/13 -29.0 (20.5) 16/0 -11.1 (23.6) 21/13 '

NRC Screening Criteria +8.3 (12.6) 5/13 -32.4 (38.1) 11/5 -10.8 (34.2) 16/18 !
(Ref. 19) [

i

a - Experimental, welds and plates separately, mean curve |
b = Experimental, all data, mean curve [
c = Sury. and exp., welds and plates separately, mean curve :

d - Sury. and exp., all data, mean curve i
'

e = Experimental, upper boundi

! f = Surveillance and experimental, upper bound i

i

t

.

i
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Table 13 Comparison of Measured AT(KJe @ 100 MPa/3) with Correlation Predictions of AT(C @ 41J)y

Base Metals Weld Metals All Data

Avg. (Io) Over/ Avg. (Ic) Over/ Avg. (lo) Over/
Under Unde r Under

(*C) (*C) (*C) (*C) (*C) (*C)<

Guthrie (Ref. 9) +33.6 (24.9) 2/15 -39.0 (30.4) 15/1 -1.7 (45.8) 17/16
Odette/Perrin (Ref. 10) +31.8 (21.6) 2/15 -27.6 (24.5) 14/2 +3.0 (37.7) 16/17
MPC (Ref. 11)

8
1 +28.6 (24.8) 2/15 -30.2 (36.5) 12/4 +0.1 (42.7) 14/19b2 +27.7 (21.5) 1/16 -20.4 (30.7) 12/4 +4.4 (35.6) 13/20C3 +30.3 (19.7) 0/17 -33.6 (39.5) 12/4 -0.7 (44.5) 12/21d4 +27.9 (21.7) 0/17 -22.4 (31.2) 12/4 +3.5 (36.6) 12/21
5* -6.0 (23.0) 11/6 -47.6 (32.6) 16/O -26.2 (34.7) 27/6f6 -2.6 (23.0) 10/7 -47.2 (32.7) 16/0 -24.2 (35.7) 26/7,

c ASTM E 900 (Ref. 12) +27.9 (21.6) 1/16 -22.5 (31.0) 12/4 +3.4 (36.6) 13/20
Varsik (Ref. 13) +21.1 (25.3) 3/14 -34.7 (30.1) 15/1 -5.9 (39.4) 18/15
Varsik/Byrne (Ref.14) +21.0 (27.2) 4/13 -38.4 (44.3) 13/3 -7.8 (46.9) 17/16
Rev. Varsik/Byrne (Ref. 13) -25.9 (26.6) 13/3
Heller /Lowe (Ref. 15) -31.8 (31.0) 7/1
Berggren/Stallman (Ref.16) -16.5 (30.7) 13/4 -45.7 (43.4) 13/3 -30.7 (39.7) 26/7,

'

RC 1.99 Rev. 1 (Ref. 17) -27.6 (45.4) 13/4 -51.5 (31.2) 16/0 -39.2 (40.4) 29/4
RG 1.99 Fev. 2 (Ref. 18) +31.9 (22.5) 2/15 -34.0 (26.3) 15/1 -0.1 (41.2) 17/16
NRC Screening Criteria +35.7 (21.3) I/16 -37.5 (42.1) 12/4 +0.2 (49.4) 13/20

(Ref. 19)

i

a - Experimental, welds and plates separately, mean curve
b = Experimental, all data, mean curve
c = Surv. and exp., welds and plates separately, mean curve
d = Surv. and exp., all data, mean curve
e = Experimental, upper bound !
f = Surveillance and experimental, upper bound |

a !
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5.14 g comparisons

The AT(K 0 75 MPa d) comparisons with the correlation predictionsge
are given in Table 14. As with the AT(Kyc @ 100 MPa d) comparisons, I

the A508-2 forging data were not used in this table. The results also

are comparable to the AT(Kye) comparisons, as base metals are under-
estimated on average and welds are overestimated on average, by the
mean equations. In this case, the Varsik-Byrne correlation gives the
most accurate average estimate of the AT for base metal, with the MPC
mean curve from experimental data yielding the best match with the
weld data.

i 6. DISCUSSION

One aspect made apparent by the preceding sections is that plates and
j welds exhibit different trends for relating fracture toughness and

.

notch ductility assessments of irradiation-induced transition tempera-
ture shifts (increases). This observation is supported in Tables 2'

ATh.ye)d K [, respectively), where AT(C ) for plates under-
and 3 (for K an y

average, while AT(C ) for weldsan AT(K c) )on
estimates y

ge on average. (The AT(Kgg) plate dataoverestimates AT(Kje) and AT K
at 100 MPa 4 are ignored in this context, since this K revel exceedsgc
the available data in all cases.) Comparison of Figs. I and 2 and
Fig. 5 and 6 show that AT(C ) for welds gives a consistent over- l

g
s at all AT levels. However, AT(C ) forestimate of AT(KJc) and AT(Kge y

I

plates tends to underestimate large AT(Kyg)'c andand AT(Kge) shifto, while
giving accurate estimates at a AT of 75 lower only. This
indicates that high base metal embrittlement conditions (as determined
f rom K or K8c) are not reflected by the base metal notch ductilityyc
trends at the same flux and fluence conditions.

4

Further differences in plate and weld behavior are apparent when
comparing correlation (model) predictions of AT(C @ 41 J) with
measured values. For base metals from Table 12, the a,verage correla-

,
'

tions give accurate estimates of AT(C 0 41 J), even though many of
the correlations are based upon surveil, lance conditions while the data
in this report are from test reactor irradiations with much higher
fluxes. This good agreen:ent would indicate " flux independence" for
notch ductility determinations from plates.

!

With the large difforences observed between AT(K or AT(K6c) andAT(C ) f rom the correlation predictions for plates (c){ y
tables 12 and 13),y

one interpretation is a "real" difference between static (K) and
dynamic (C ) assessments of AT, or possibly a flux dependence ofy
static fracture toughness. The flux dependence of static fracture,

toughness would result in greater embrittlement at higher flux for
plates, as compared to dynamic (C ) assesaronts of embrittlement.y

For wold metals, the average correlations overestimate AT(C ), AT(Kje)y
at all measured toughness energy levels (Tables 11 toand AT(Kge)

13). This overestimate tends to become greatest at high embrittlement
(AT) levels. One interpretation of these findings is a flux

41
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Table 14 Comparison of Measured AT(Kge @ 75 MPa/m) with Correlation Predictions of AT(C, @ 41 J)

Base Metals Weld Metals All Data

Avg. (1a) Over/ Avg. (la) Over/ Avg. (la) Over/
Under Under Under

(*C) (*CJ (*C) (*C) (*C) (*C)

Guthrie (Ref. 9) +20.8 (21.4) 2/15 -45.2 (30.0) 15/1 -11.2 (42.1) 17/16
Odette/Perrin (Ref. 10) +19.1 (17.5) 2/15 -33.7 (24.6) 14/2 -6.5 (34.0) 16/17
MPC (Ref. ll)

8
.

1 +15.8 (21.1) 3/14 -36.4 (34.5) 15/1 -9.5 (38.5) 18/15
b2 +15.0 (17.2) 1/16 -26.6 (28.6) 12/4 -5.2 (31.3) 13/20

3 +17.6 (15.1) 1/16 -39.8 (37.5) 14/2 -10.2 (40.2) 15/18C

d4 +15.2 (17.4) 1/16 -28.6 (29.1) 13/3 -6.0 (32.3) 14/19
5* -18.8 (17.5) 16/1 -53.7 (30.6) 16/0 -35.7 (30.1) 32/1
f 53.3 (30.7) 16/0 -33.8 (31.1) 32/16 -15.4 (17.7) 16/1 -

l7 ASTM E 900 (Ref. 12) +15.1 (17.4) 1/16 -28.7 (28.9) 13/3 -6.1 (32.2) 14/19
Varsik (Ref.13) +8.4 (21.9) 5/12 -40.8 (29.8) 15/1 15.5 (35.8) 20/13-

Varsik/Byrne (Ref. 14) +8.3 (23.5) 6/11 -44.6 (45.1) 13/3 -17.4 (44.2) 19/14
Rev. Varsik/Byrne (Ref. 13) -32.1 (27.3) 13/3 ----

Heller /Lowe (Ref. 15) -42.9 (32.3) 7/1
51.9 (41.7) 15/1 40.2 (35.9) 31/2Berggren/Stallman (Ref. 16) -29.2 (26.3) 16/1 ~-

RC 1.99 Rev. 1 (Ref. 17) -40.4 (41.6) 16/1 -57.6 (30.1) 16/0 48.7 (37.0) 32/1-

RC 1.99 Rev. 2 (Ref. 18) +19.2 (18.6) 3/14 -40.2 (28.5) 15/1 -9.6 (38.2) 18/15
NRC Screening Criteria +23.0 (17.1) 0/17 -43.7 (39.9) 14/2 -9.4 (45.1) 14/19

(Ref. 19)

a - Experimental, welds and plates separately, mean curve
b = Experimental, all data, mean curve
c - Sury. and exp., welds and plates separately, mean curve
d = Surv. and exp., all data, mean curve
e = Experimental, upper bound
f = Surveillance and experimental, upper bound

i
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dependence, characterized by reduced weld metal embrittlement at high
flux levels, from the test reactor data in this report. This
postulated flux dependence is reflected in both notch ductility and
fracture toughness (K and Kg) assessments of irradiation-inducedye
embrittlement of weld metals. The suggested flux dependence is itself
dependent on the assumption that the correlations used here give
accurate estimates of weld metal embrittlement trends.

These trends of possible flux dependence are consistent with observa-
tions of Odette/Perrin (Ref.10). Further data on flux effects will
be available in the near future (Ref. 22).

7. SUMMARY AND CONCLUSIONS

! For RPV safety assessments, knowledge of the fracture toughness (Kge)
1

of the RPV materiala is required. Since surveillance irradiations of
sufficiently-large f racture toughness specimens for valid Kge measure-
ments are not possible, estimates of the irradiated Krc properties are
required. These approximations are made by using pre-irradiation

(RT transition temperature shif t from Charpy-V
[ AT(bD})] and the

properties
to index the ASME K and K curves. To assessspecimens y ge IR

the appropriateness of using AT(C ) to estimate AT(Kge), comparisonsy
of notch ductility (C ) and f racture toughness (K and K8c) assess-y yc
ments of transition temperature shifts for RPV base metals and welds
were made. This study provides the first assessment of the
suitability of AT(C ) for estimating AT(Kre). Although these fracture

y
toughness data are not valid according to ASTM E399, the data

collected here (Kje) have been adjusted (Kge) to what is thought to be
values. However, this adjustment mayan accurate approximation to Kge

over-correct high toughness values, leading to a real Kre curve which
may lie somewhere between the K and K curves. Better insight toJc ge
this will result from the HSST Fifth Irradiation Series (Ref. 21),
where large CT specimens (up to 4T-CT) will be tested in an irtadiated

data at high toughness levels.condition to provije valid Kge

Also, comparisons between computerized and manual fits to the C, and K
curves were made, with predictions based on various shif t correlations
compared to measured C, and K transition curve shif ts.

Future work in this study will examine dependence of these observa-
tions on chemical composition, with additional data added to the study
as more testing is completed.

Initial conclusions from this study ares

(1) Transition temperature shif ts (AT's) measured by f racture tough- I

ness methods (K at 100 MPa/ii) are only slightly greater than l
je IAT's from notch ductility (C at 41 J) tests, on average by 9'C.y

vs. AT(C )(2) A product form offect influences the AT(KJc)for wolds is overestimated by S C
relationship, whereby AT(KJc)d AT(Kje) for plates is underesti--on average by C results any
mated by 22*C on average by C re su l t's .y

43
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(3) Adjusting the fracture toughness (KJc) data for lack of'

constraint (K values) results in an average match of0
AT(K 0 75 MPa[In) and AT(C, @ 41 J) within l'C. In this case,

i

6 ;

weld AT(C ) values overestimate AT(K8c) values by an average of |y

11'C, with plate AT(C ) values underpredicting AT(K6c) values byy

|
10'C on average.

.

(4) Comparison of AT values at various indices along the C , K t.ndy 3eK curves give some basis for assessing irradiation ef fect onge
; curve shape. In general, the C curves tend to flatten-out ory
; lay-over, the K curve has no change in curve shape, and the '

Je
irradiated K curve tends to be steeper than the unirradiated8ccurve.

) (5) Manual and computerized fits to C, and K data yield temperatures
and AT's at transition temperature indices within 5'c of one
another, on average, for the data base examined. C tepper shelfy

j energy level and drop values from the manual fits are within 2 J
of the computerized fit values, on average.

1

! (6) The correlation methods for predicting AT(C ) tend to over-
y

estimate measured AT(C ) values for weld metals, with base metaly
AT(C ) values slightly underestimated by tha correlationy
methods , on average.

j (7) The AT(C ) correlation predictions show a large overestimate of
AT(Kye) yand AT(K ) for welds; however, the AT(C ) correlations

y
underestimate AT( 3e) and AT(K8c) f r plate, on average.

(8) While the A 50'3-2 forging AT(C ) is predicted reasonably well by
L

y

the correlations, AT(K c) and AT(Kge) for the forging are much
larger than the AT(C or any of the correlation predictions. !This behavior is atypical of the other heats in the data base, )and may indicate a problem limited in Magnitude to forgings, or
just this single forging. Consideration of this will be made in

i future work.
,

(9) These results may indicate a flux dependence, whereby weld,

; metals exhibit significantly lower embrittlement with higher '
'

flux, while plates exhibit slightly higher embrittlement at
higher fluxes. This effect may be magnified for f racture tough- i

; ness vs. notch ductility leading to the product form dependence
'

observed here. This possibly will be stueled closer in future
work.

1 The above conclusions must be tempered by the understanding that many
) of the fracture toughness curves were composed of six or fewer data

points. In general, irradiations of fracture toughness specimens
j result in too few specimens of too small a thickness to provide for
j complete and unambiguous definition of the f racture toughness behavior

with temperature. Several bench-mark treadiations of many small
thickness specimens of several compositions and product forms would be 'i

an excellent supplement to the llSST Fif th Irradiation Series mentioned
previously. ,

,

i

44

i

_ . - - - - -. . , - - , , .- .- ._ _ - . - _ - .
_



- . _ . __ . _ _ - . . . . .. -. _ - _ . _ - - _ _ _ - _ . - .-.. . _ - - - _ _ _ - _ .

t

i
,

dEFERENCES
i

l. J. R. llawthorne, et al., " Evaluation and Prediction of Neutron ;'

Embrittlement in Reactor Pressure Vessel Materials," EPRI ,

'

NP-2782. Electric Power Research Institute Dec. 1982.
)

2. J. R. Hawthorne, B.11. Menke and A. L. lliser. " Notch Ductility

and Fracture Toughness Degradation of A 302-8 and A 533-B
Reference Platen from PSF Simulated Surveillance and Through- ,

Wall Irradiation Capsules," USNRC Report NUREG/CR-3295 Vol.1 |

MEA-2017. Hay 1983.
1

3. B. H. Menke, et al. , "Ef fects of Neutron Irradiation on Fracture
Toughness of A 533 Grade B Class 1 Plate and Four Submerged-Arc

2 Wolds," presented at the ASTM 12th Irradiation Effects
Symposium, June 12-22,1984 (in press).

',

| 4. J. R. llavthorne, " Evaluation of Reenbrittlement Rate Following
Annealing and Related Investigations of RPV Steels," ProceedingaI

of the !Ith Water Reactor Safety Research Information Meeting,
_USNRC Proceedings NUREG/CP-0048, Vol. 4, Jan. 1984, pp. 361-375.

5. S. T. Rolf e and S. R. Novak, " Slow-Bend K Testing of Medium-ge
Strength liigh-Toughness Steels," Review of Developments in Plano
Strain Fracture Toughness Testing, ASTM STP 463 American

.
Society for Te. ting and Materials. Phila., PA, 1970, i

i pp. 124-159.
!

6. R. II. Sailors and 11. T. Corten, " Relationship Between Material .

'

f

Fracture Toughness Using Fracture Mechanics and Transition
Temperature Tests," Fracture Toughness, ASTM STP 514, American
Society for Testing and Materials, Phila..PA,1972, pp.164-191.

7. J. G. Merkle, "An Examination of the Siae Effects and Data
Scatter Observed in Small Specimen Cleavage Fracture Toughness
Testing," USNRC NUREG/CR-3672, ORNL/TM-9088, Oak Ridge National1

Laboratory, April 1984.
i

! 8. G. R. Irwin, " Fracture Mode Transition for a Crack Traversing a r

Plate," J. of Basic I?ng., ASME, 82(2), 1960, pp. 417-425.

! 9. G. L. Cuthrie, " LWR Pressure Vessel Surveillance Dosimetry i
'

Improvement Program, Quarterly Progress Report for the Period
;

i April-June 1982 " USNRC Report NUREG/CR-2805, Vol. 2,

i IIEDL-TME-82-19, llanford Engineering Development Laboratory,
Jan. 1983, pp. IIEDL-3-4.

i

10. J. F. Nrrin, R. A. Wu11aart, G. R. Odetto and P. H. Lombroso,
" Physically Based Regression Correlations of Eubrittlement Data
From Reactor Pressure Vnssel Surveillance Programs,"

i EPRI NP-3319 Electric Power Research Institute, Jan. 1984.,

|
'

' :

i'
;

45

- _ _____-_ - - _ _ _ _ - _ _ _ _ _ _ . __

_____ y



___ -_____- - ____ ___ ___ ________ _ _ _ _ _ _ _ _ - - - _ _ _ _ _ _ _ _

1

1

!!. Metal Properties Council Subcommitteo 6 on Nuclear Materials, !

" Prediction of the Shift in the Brittle-Ductile Transition
Temperature of Ligh t-Wate r Reactor (LWR) Pressure VesselMater'.als," Journal of Testing and Evaluation, Vol. 11(4),
July 1983, pp. 237-260

12. ASTM Committee E 900-83, " Standard Guide For Predicting Neutron,

Radiation Damage to Reactor Vessel Materials," Volume 12.02,
pp. 703-706, April 1983.

13. J. D. Varsik, S. M. Schloss and J. J. Koziol, " Evaluation of
Irradiation Response of Reactor Pressuro Vessel Materials," EPRI
NP-2720 Electric Power Research Institute, Nov.1982.

14. J. b. Varsik and S. T. Byrne, "An Empirical Evaluation of the
Irradiation Sensitivity of Reactor Pressure Vessel Materials,"

I Ef fects of Radiation on Structural Materials, Effects of Nadia-
tion on S t ructu ra l Materials, ASTM STP 683, J. A. Sprague and
D. Kramer, eds., American Society for Testing and Materials,
Phila, PA, 1979, pp. 252-266.

15. A. S. Heller and A. L. Lowe, Jr., " Correlations for Predicting
the Effects of Neutron Radiation on Linde 80 Submerged-Arc
Wolds," BAW-1803, Babcock & Wilcox Co., Jan. 1984.

16. R. C. Berggren and F. W. Sta11mann, " Statistical Analysis of
Pressure Vessel Steel Embrittlement Data," from the ANS Special!

Session on Correlations and Implications of Neutron Irradiation
i Embrittlement of Pressute Vessel Stects. Detroit, MI, June

12-16, 1983, Trans. Am. Nucl. Soc., Vol. 44, 1983, p. 225.

17. Regulatory Guide 1.99, Etfecta of Residual Elements on Predicted
Radiation Damage to Reactor Vessel Materials. Rev. 1 USNRC,Washington, D.C., Apr11 19/7.

18. Draf t of Revision 2 to Regulatory Guide 1.99, " Radiation Damage
to Reactor Vessel Materials," USNRC, Washington, D.C., Working I
Paper C, August 14, 1985.

!
19. W. Dircks, NRC Staff Evaluation of Pressurized Thermal Shock,

NRC-SECY-82-465 Nov., 1982.
1
1 20. W. Oldffold, P. McConnel. W. Server, and F. Oldfteld,

" Irradiated Pressure Vessel Steel Data Base," EPRI NP2428,
1

i Electric Power Research Institue, 1982.
.

' !
21. " Heavy-Section Steel Technology Program Five-Year Plan,I

FY 1983-1987," USNRC Report NUREC/CR-3595, ONNL/TM-9008, Oak
iRidge National Laboratory.

22. " Structural intergrity of Light Water Reactor Pressure Boundary
|Components: Fou r-Yea r Plan 1984-1988," USNRC Report '

j NUMEC/CR-M88, MMA-2047, Sept. 1984.

46

_ _ _ _ - _ _ - - _ _ _ - _ _ _ _ _ _ _ - _ _ _ _ _ ___ _ ____ - - _ _ _ - _ _ _ _



|
|

t

APPENDIX A

Comparison Plots of Measured
and Predicted AT(C, 9 41 J)
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APPENDIX B

Comparison Plots of Measured AT(KJe @ 100 MPa/E)
and Predicted AT(Cy @ 41 J)
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