NUREG/CR-5494
MEA-2377

Correlation of Irradiation-
Induced Transition Temperature
Increases from C, and K, /K,
Data

Final Report

Prepared by A. L. Hiser

Materials Engineering Associates, Inc.

Prepared for
U.S. Nuclear Regulatory Commission



AVAILABILITY NOTICE

Avallabiity of Reference Materials Cited in NRC Publicatons

Most documents cited in NRC publications will be avaliable from one of the following sources

1 The NRC Public Document Room, 2120 L Street, NW, Lower Level, Washington, DC 206556

The Superintendent of Documents, U 8§ Government Printing Office, P.O. Box 37082, Washington
DC 20013-7082

The Nationgl Technical Information Service, Springfield, VA 22161

Although the listing that follows represents the majority of documents clted In NRC publications . it i not
Intended to be exhaustive

Reforenced documents avallable for inspection and copying for a fee from the NRC Public Document Room
include NRC correspondence ant internal NRC memoranda; NRC Office of Inspection and Enforcement
bulleting, circulars, information notices, inspection and Investigation notices: Licensee Event Reports; ven-

dor reports and correspondence; Commission papers; and applicant and licensee documents and corre-
spondence

The following documents In the NUREG series are avallable for purchase from the GPO Sales Program
formal NRC staft and contractor reports, NRC-sponsored conference proceedings, and NRC booklets and
brochures. Also avallable are Regulatory Guides, NRC regulations In the Code of Federal Regulations, ard

]
Vuclear Reguialory Commission issuances

A

Documents avallable from the National Technical Information Service Include NUREG series reports and

echnical reports prepared by other federal agencies and reports prepared by the Atomic Energy Commis-
sion, forerunner agency to the Nuclear Regulatory Commission

™

uments avaliable from public and special technical libraries Include 2! open literature items
books . journal and periodical articles . and transactions
tior

such as
Federal Register notices, federal and state legisla-
anc congressional reports can usually be obtained from these libraries

Documents such as theses. dissertations, foreign reports and transiations, and non-NRC conference pro

ceedings are avallable for purchase from the organization sponsoring the publication cited

Single coples of NRC draft reports are avallable free, to the extent of sSupply . upon written request to the
Office of information Resources Management, Distribution Section, U.S. Nuclear Reguiatory Commission
washington, DC 2055§

Coples of Industry codes and standards used in a substantive manner In the NRC regulatory process are
maintained at the NRC Library, 7820 Norfolk Avenue, Bethesda, Maryland, and are avallable there for refer-
ence use by the public. Codes and standards are usually copyrighted and may be purchased from the
originating organization or

if they are American National Standards, from the American National Standards
Institute, 1430 Broadway. New York, NY 10018

DISCLAIMER NOTICE

This report was prepared as an account of work sponsored by an agency of the United States Government
Inited States Government nor any agency thereof, or any of their employaes, makes any warranty
expresed or iImplied, or assumes any legal liability of responsibility for any third party's use, or the results of
WwCh use, of any information, apparatus, product or process disclosed in this report, Or represents that its use
by Bul h third ;)“..\ Y et not infrinain ¢

ge privately owned rights

Neithertha |
«




NUREG/CR-5494
MEA-2377
RF, RS

Correlation of Irradiation-
Induced Transition Temperature

Increases from C, and K 1o /B
Data

Final Report

Manuscript Completed: February 1990
Date Published: March 1990

Prepared by
A. L. Hiser

Materials Engineering Associates, Inc.
9700-B Martin Luther King, Jr. Highway
Lanham, MD 20706

Prepared for

Division of Engineering

Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555

NRC FIN B89%00




ABSTRACT

Reactor pressure vessel (RPV) surveillance capsules contain Charpy-V
(C,) specimens, but many do not contain fracture toughness specimens;
accordingly, the radiation-induced shift (increase) in the brittle-to-
ductile transition region (AT) is based upon the AT determined from
notch ductility (Cy) tescs. Since the ASME K and KIR reference
fracture toughness curves are shifted by the AT from C,, assurance
that this AT does not underestimate AT associated with the actual
irradiated fracture toughness is required to provide confidence that
safety margins do not fall below assumed levels.

To assess this behavior, comparisor: of AT's defined by elastic-
plastic fracture toughness and C, tes's have been made using data from
RPV base and weld metals in whrch irradiations were made under test
reactor conditions, Using "as-measure" fracture toughness values
(Kj.), average comparisons between AT(C,) and AT(K;.) are:

(a) All data:  AT(K;, @ 100 MPa/m) = AT(C, @ 41 J) +10°C

(b) Plates only: AT(Ky, @ 100 MPa/m) = AT(C, @ 41 J) +15°C

(c) Welds only: AT(Ky, @ 106 MPa/m) = AT(C, @ 41 J) -1°C

Fluence rate is found to have no significant effect on the
relationship between AT(CV) and AT(KJC).
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: 9 INTRODUCTION

A previous report (Ref. 1) investigated the relationship between the
irradiation-induced transition temperature increase (AT) found with
Charpy-V (C,) dimpact data and that found with fracture toughness
data. Reference 1 used data available at that time as an initial
assessment of the suitability of using AT from C,, data to estimate
that from fracture toughness data. Among the initial conclusions in
Ref. 1 was a finding that the AT from C, tended to yield reasonable
estimates of the AT from fracture toughness data for weld metals, such
as Linde 80 welds, In contrast, the AT from C, tended to
underestimate the AT from fracture toughness for base materials, such
as plate and iorging materials. This report provides a more complete
assessment of the relationship between the two measures of AT,
primarily by adding to the data bank that was used in Ref. 1.

Assessing the suitability of AT from C, data as an estimate of that
from fracture toughness data 1is important to assure that non-
conservative estimates of the fracture toughness of irradiated reactor
pressure vessel (RPV) steels are not made. The K (reference stress
intensity factor) curve in Appendix G of Section of the ASME Code
is used as a lower bound estimate of the fracture toughness of RPV
steels. This curve, and its companion the K;, curve in Appendix A of
Section X1 of the ASME Code, is indexed by tﬁe reference temperature
or RTypr of the subject material. RTypy is defined in the ASME code
as the greater of Typy (the nil-ductiYIty transition temperature of
drop-weight tests) and To,-60°F, where T,, is either the index at
which each C, test (of three) "shall exhibit at least 35 mils lateral
expansion and not 1less than 50 ft-1b absorbed energy" or the
temperature at which the lower bound C, curve exhibits 50 ft-1b and 35
mils. To account for irradiation effects, Appendix G of 10CFR50
(Title 10, Part 50 of the Code of Federal Regulations) states that
"adjusted reference temperature" means the reference temperature as
adjusted for irradiation effects by adding to RTypr the temperature
shift (AT), measured at the 30-ft-1b (41-J) 1eve3, in the average
Charpy curve for the irradiated material relative to that for the
unirradiated material.

For calculation of pressure-temperature (P-T) curves, Appendix G of
the 10 CFR 50 assumes that the K;, curve of the irradiated material is
defined by shifting the K;p curve as indexed by the "adjusted
reference temperature" mentioned above. (For accident analyses, the
K1, curve in Appendix A of Section XI of the ASME Code is used as the
reference curve which 1s indexed at the "adjusted reference
temperature.") Since the K and the K curves are lower bound
curves, a determination that the AT from C, data is a reasonable
estimate of the AT from fracture toughness data would give justifiable
confidence that non-conservative estimates of fracture toughness for
the case of irradiated RPV steels does not occur.



2. MATERIALS

The materials used in this study have been characterized over several
years, initially at the Naval Research Laboratory (NRL), and more
recently at MEA (Ref. 2 to 8). 1Included in the study are an A 508 and
a 20NiMoCr26 forging, several heais 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 chemical composition for the subject heats
is given in Table 1. All of the irradiations were conducted in test
reactors, under accelorated fluence rate conditions, at a nominal
temperature of 288°C, although a data set for the 20NiMoCr26 forging
(GEB), specifically UBR-79 was irradiated at 275°C. Several different
fluence rates vere, used, ,n ilcuifiod by the b{sad cn?gozliu of
*high" (7-9 x 10 2 n{im : "1ow" (8 x 10 n/em“-8" ") and

"intermediate" (2-8 x 10 n/cm -8 ).

3. DATA ANALYSIS PROCEDURES

3.1 Notch Ductility (Cv)

Notch ductility was determined using Charpy-V impact specimens. The
Charpy-V energy (C,E) data for each heat and condition (irradiated or
unirradiated) were fit to a hyperbolic tangent function:

0

T =0
CVE - A 4+ A, tanh

0 1 Y (L

2

where Ap, Ay, A, and T, are determined through a nonlinear regression
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, ete. 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
the purrose 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
some of these fits do not have any impact on the results used here.)
A nonsloping upper shelf fit was used since justification for a
sloping upper shelf was generally 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 any C, index can be determined
from:

Upper Shelf Energy (USE) = A, + A, (2)

; CE - A
) - T 4+ A tanh'l v_Index 0

Index 0 2 Al (3)

where C vEIndex Was selected as 41 J (30 ft-1b per Appendix G of
10CFR50) .
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5.2 Fracture Toughness gK,ol

The fracture toughness data of interest here are only those within the
brittle-to-ductile transition region. Data with stable crack growth
of more than 0.15 mm are generally not included.

The static fracture toughness data were determined using compact
toughness (CT) specimens. These specimens were full thickness 1T- and
0.5T-CT 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 forcved ar
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 maximum K;. levels which could
be obtained by ASTM E 399 were below 50 HP:JE (~ 45 ksi/I;T), much too
low to provide a meaningful result. For cases in which only a
number was obtainable, the J integral, an elastic-plastic fracture
parameter, was used for deta analysis. Specifically, the J value at
test termination was taken to be Jg 4., since by definition that was
the J value at the initiation of "craéi growth," albeit fast cleavage
fracture. A LS value was then calculated from:

2
Ko * / EJCrit oA ) (4)

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 Kie
value could be determined from the test record, the Kyeo value from
Eq. 4 (with v = U.3) matched the Ky, value within 5%.

As with the C, data, the Ky, data were modeled with a mathematical
expression, in this case an exponential function of the form:

(1/8,)

KJc - Bo + Bl e (5)

where BO, By, and B, are determined through & nonlinear regression
analysis. Since the regression results were not restricted to By 2 0,
in many cases the resultant curve will give negative K;, values at low
temperatures.

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

K - B
- B 1n Index 0

TIndex 2 B1 (6)



with a K . value of 100 KPIJ; used. For comparisons with C, data
at 41 J f?8 *t-lb), a Klndu value of 100 HPa/; was used, baseg upon
correlations from Rolfe anﬁ Novak (Ref. 9) and Sailors and Corten
(Ref., 10). From Reference 9,

0.75
-JO0. ! 7
KIc 0.00022 E (Cv) (7)
and, with E = 206800 MPa and Cy = 41 J, then

Kio = 109 MPa/m
From Reference 10,
2 0.5
Bie = 14.6 (Cy) (8)
and with Cy, = 41 J,

Kio = 93 MPa/m
The average of these two is ~ 100 MPaJ;.

4, TEST METHOD COMPARISONS

The focus in this section is on the change in temperature (AT) at a
specific index due to irradiation, as opposed to the absolute tempera-
ture at the index level, Comparisons between AT's from C_, and
fracture toughness are based on product form (i.e., plate, forging or
weld), with comparisons at a C, level of 41 J and a fracture toughness
level of 100 MPa/m. The first group of comparisons will look at all
data from a given product form. Later comparisons will examine the
various materials for which multiple data points are available, as
compared to the overall data sets (weld or base metal as appropriate).

Data sheets for each of the C, data sets are given in Appendix A with
those for the fracture toughness data given in Appendix B. These
sheets give the regression parameters from fit to Eq. 1 for C, data
and Eq. 5 for fracture toughness data. Also included on these sheets
are a listing of the data used in the fit and a data plot comparing
the regression fit to the data. In some cases extra data points
(frequently upper shelf Ky, data for fracture toughness data) were
included in the fit, or anomalous points were excluded from the fit,
These modifications to the data tended to result in modest (< 2°C)
changes in the temperature at the appropriate index level. The
regression parameters are given in Table 2 for C, data and Table 3 for
fracture toughness data.

Two of the data sets are considered anomalous at this time. The first
set is for the A 508 Forging BCB. As described in Ref. 1, the data




Table 2 Curve-Fit Parameters for Charpy-V Data

Cy = A, + Ay TANH [(T-T)/Ap)

Temp .
A A A T @41 J
S 3 &) °8) °c)
A 508-2 Forging (BCB)
Unirradiated -114.88 314.71 101.59 -79.81 -24.8
Irrad. (BSR-6) 92.22 85.55 28.31 13,97 -5.8
20NiMoCr26 Forging (GEB)
Unirradiated 58.83 49,52 48 .24 -9.71 -28.3
Irrad., (UBR-68) 52.82 44.73 52.67 27.57 12.9
1A 399°C (UBR-68) 60.57 57.03 43 .85 2.5a4 -13.4
1A 454°C (UBR-68) 63.59 53.02 40.42 -7.27 -26.0
Unirrad. (Check) 68.58 41.61 45,33 15.82 «21.0
Irrad. (UBR-78) 60.50 48.90 57.97 20.30 4.6
Irrad. (UBR-79, 2753°C) 52.70 54.92 67.60 35.03 29.0
A 533-B Plate (CAB)
Unirradiated 63,06 72.01 65.10 23.13 2.2
Irrad. (BSR-2) 51.34 8177 103.50 48,61 35.0
Irrad. (BS.-3) 73.69 57.88 49.09 94 .54 62.7
Irrad. (B!R-5) 74,81 53.14 37.87 93.46 64 .6
A 533-B Plate (CBB)
Unirradiated 76.83 59.07 31.02 22 .83 0.7
Irrad, 67.69 54,91 18.16 101.19 91.4
A 533-B Plate (3P)
Unirradiated 76.51 73.36 57.86 31.33 0.4
Irrad. (SSC-1) 72.21 47.27 25.70 92.67 72.0
Irrad. (SSC-2) 61.84 46 .50 40.03 103.91 84.2
Irrad. (Wall-1l) 64,22 44,25 37.67 96.67 74.3
Irrad., (Wall-2) 57.85 54 .43 55.62 81.78 63.6
Irrad. (Wall-3) 72.23 53.76 40.17 80.35 53.3
A 533-B Plate (02G)
Unirradiated 74.95 65.46 45.15 29 .48 3.2
Irrad. (HSST 4th) 70,21 50.28 40.53 96.51 69,2
A 533-B Plate (67C)
Unirradiated 75.37 78.59 61.26 15.40 -13.7
Irrad. (UBR-58) 68.45 51.00 47 .46 84 .82 55.8
A 533-B Plate (68A)
Unirradiated 81.58 71.14 64.70 28.78 -13.6
Irrad. (UBR-61) 58.32 40,53 44 .22 143.80 123,2




Table 2 Curve-Fit Parameters for Charpy-V Data (continued)

Cy = Ay + Ay TANH [(T-T,)/Ap)

Temp.

A A A T @ a1 J

) 3} °8) °) (°¢)
A 533-B Plate (68C)
Unirradiated 76.95 69.59 57.14 23.21 -9.8
Irrad. (UBR-58) 51.78 31.84 33.58 147 .64 135.4
A 533-B Plate (23G)
Unirradiated 74.72 73.98 41.14 -8.43 -28.9
Irrad. (UBR-38) 62.64 87.36 97.96 45.87 20.7
Irrad. (UBR-77) 77.98 54.05 29.99 31.45 6.0
A 302-B Plate
Unirrad., (T-L, N, 1/4T) 36.94 23.29 30.93 8.48 12.5
Irrad. (BSR-7) 29.91 17.46 21.29 76.26 91.6
Unirrad. (L-T, N, 1/4T) 64.00 51.63 29.75 7.66 -6.8
Irrad, (UBR-31) 49.19 32.29 14,94 92.69 88.7
Unirrad. (L-T, F23, 1/4T) 57.17 51.67 40.34 10.42 -2.9
Irrad, (8SC-1) 51.95 32.94 22.15 86.29 78.4
Irrad. (SSC-2) 45.24 29.28 12.18 92.23 90.3
Irrad. (Wall-1) 48.01 35.38 32.62 78.47 71.6
Irrad. (Wall-2) 37.59 42.15 52.53 47.55 51.4
Irrad. (Wall-3) 44,21 37.94 39.45 49 .74 46.1
“alrrad, (L-T, 23F, 1/2T)  75.02 51.08 30.09 10.67 -13.9
-rrad. (UBR-38) 67.73 48 .81 29.07 57.07 38.9
Irrad. (UBR-44) 55.27 54.64 51.83 57.28 43.1
Irrad. (UBR-46) 56.84 50.45 47.67 64 .58 48.7
Irrad. (UBR-45) 57.11 39.25 24.20 70.33 59.5
Irrad. (UBR-65) 62.33 46,42 30.95 46,64 31.0
Irrad. (UBR-75) 61.10 47 .91 37.21 62.10 45,2
Irrad. (UBR-76) 56.03 45,88 34.41 67.75 55.8
A 302-B Plate (6A2)
Unirradiated 76.13 70.36 49.16 41.59 14.3
Irrad. (UBR-61) 58.36 61.91 67.44 109,79 90.0
Linde 80 Weld (E19)
Unirradiated 52.83 3831 51.41 4.37 »15:8
Irrad. (BSR-8) 35.47 28.11 62.18 64.50 76.2
Irrad. (BSR-9) 42.95 38.09 61.97 39.82 36.1
Irrad. (BSR-10) 36.13 21.46 50,24 93,01 103.8
Linde 80 Weld (E23)
Unirradiated 53.99 87.27 40.84 -0.96 -16.2
Irradiated 45.15 28.84 45.33 76,64 69.5




Table 2 Curve-Fit Parameters for Charpy-V Data (continued)

CV - AO + Al TANH {(T'TO)/A2)

A A A
%)) 33 (°%)

Linde £0 Weld (71W)
Unirradiated
Irrad. (HSST 4th)

Linde 80 Weld (W8A)
Unirradiated
Irrad. (UBR-42C)
IAR (UBR-41B)
Irrad. (UBR-41C)
Irrad. (UBR-44)
Irrad. (UBR-46)
Irrad., (UBR-45)
Irrad. (UBR-65)
Irrad. (UBR-75)
Irrad., (UBR-76)

;‘\Ju)m(ﬁtp\dﬂba’o

Linde 0091 Weld (E24)
Unirradiated
Irradiated

Linde 0091 Weld (68W)
Unirradiated
Irrad. (HSST 4th)

Linde 0091 Weld (69W)
Unirradiated
Irrad. (HSST 4th)

Linde 0091 Weld (W9A)
Unirradiated

Irrad, (UBR-42C)

IAR (UBR-41B)

Irrad. (UBR-41C)
Irrad. (UBR-77)

Linde 124 Weld (70W)
Unirradiated
Irrvad, (HSST 4th)

Linde 124 Weld (E&4)
Unirradiated
Irradiated




Table 3 Curve-Fit Parameters for Transition Regime
Fracture Toughness Data

- —t——

Kje = By + By ouyl(?-?,)/lé)

Temp. at

3 B 100 MPa/m

(MPaTm) (MPat) (%) (*c)
A 508-2 Forging (BCB)
Unirradiated -372.73 489 . 44 407 .08 68
Irrad. (BSR-6) 83.47 &6 21.20 28
20N{iMoCr26 (GEB)
Unirradiated 39.61 321,80 46,90 .78
Irrad. (UBR-68) 33.26 136.23 42.7N .30
1A 399°C (UBR-68) «122.84 300,90 209,33 <63
1A 454°C (UBR-68) <169 .74 345,97 300.41 <75
Unirrad. (Check) «-92.57 322.13 172.7¢ -89
Irrad. (UBR-78) 68.25 195.75 27.00 49
Irrad. (UBR-79, 275°C) 37.05 75.18 55.73 <10
A 533-B Plate (CAB)
Unirradiated -557.95 735.41 412.40 4k
Irrad (BSR.2) 63.55 8,63 18.42 27
Irrad. (BSR.3) 40,98 8.70 24.65 47
Irrad., (P %-5) «2304.77 2355.45 1715.82 16

533-B Plate (CB
Unirradiated ~372.59 577.99 248 .50 .50
Irrad. +30.86 16.69 32.48 67
533. at 3

Unirradiated 56.21 £8. .68 24,08 -17
Irrad, (88C-1) 47 .46 0.79 12.46 52
Irrad, (88C-2) 13.61 50,00 159.76 87
Irrad. (Wall-1) 35.75 8.8 30.53 57
Irrad. (Wall-2) 34.82 27.65 42.65 37
Irrad. (Wall-3) 32.29 41.19 49,29 24
A 533-B Plate (026)
Unirradiated 35.87 107 .86 46,72 <24
Irrad. (HSST 4th) 52.38 3.12 23.65 64
A 533-B Plate (67¢C)
Unirradiated 34,68 166 .83 38.79 .36
Irrad. (UBR-58) 40.33 23.13 47.90 45
A 533-B Plate (684)
Unirradiated 49.67 131.48 39.80 .38
Irrad. (UBR-61) 0.1 42 .46 114 .45 98




Table 3

Curve-Fit Parameters for Transition Regime
Fracture Toughness Data (continued)

Ko = Bo + By exp[(T-T,)/B;)

Temp . :;P
B B B 100 MPa/m
(MPadi) (Mpatm) 8 °c)
-B Plate

Unirradiated 36.77 109.24 58.51 -32
Irrad. (UBR-58) 32.12 5.76 50.81 125

533- G
Unirradiated 29.21 276.59 60.83 -83
1rrad. (UBR-38) 41.25 51.03 50.92 7
Irrad. (UBR-77) 30.60 131.34 84.53 -54
A 302-B Plare
Unirrad. (T-L, N, 1/47T) -26,32 186,58 118.79 46
Irrad. (BSR-7) 30.63 6.45 34,37 82
Unirrad. (L-T, N, 1/4T) -59.99 240.24 115.90 47
1rrvad. (UBR-31) +128.70 158.10 132.14 49
Unirrad. (L-T, F23, 1/4T) 13.82 275.26 54.00 <63
1rrad. (88C-1) 12.42 47.12 80.67 50
Irrad. (88C-2) 35.09 10.28 34.92 64
Irrad, (Wall-1) 31.44 26.62 46 .36 44
Irrad. (Wall-2) 43.92 19.64 31.42 33
Irrad. (Wall-3) 20.17 63.19 61.10 14
Unirrad. (L-T, 23F, 1/2T) 34.31 211.21 37.31 b4
Irrad. (UBR-38) 33.34 54 .49 §5.01 11
Irrad. (UBR-44) 62.37 5.06 15.66 3
1rrad. (UBR-46) 4.9 70.51 109 .48 33
1rrad. (UBR-45) -21.45 94.06 118,56 30
Irrad. (UBR-65) «94 .80 209 .40 175.56 -13
Irrad. (UBR-75) «41.11 129,66 103 .43 9
Irrad. (UBR-76) 37.03 26.47 46,09 40
A 302-B Plate (6A2)
Unirradiated 34 .48 89.47 86.45 -27
1rrad, (UBR-61) -79.12 142.53 250.21 57
Linde 8. Weld (E19)
Unirradiated 56.76 630.12 21.85 -59
1rrad. (BSR-B) 63.75 4.30 29.08 62
Irrad. (BSR-9) 70.28 71.22 14.78 <13
Irrad. (BSR-10) 58.47 0.33 9.81 47
Linde 80 Weld (E23)
Unirradiated 74.92 71.72 47 .66 -50
I1rrad. +3.12 72.76 68.18 24
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Table 3 Curve-Fit Parameters for Transition Regime
Fracture Toughness Data (continued)

Kjo = Bp + By exp[(T-T,)/B,]

100 KPa/a
B B 100 MPa/m
(Patm) (MPaa) 3 (°c)
gtltrudiatod «180.65 312.49 355.28 +38
Irrad. (HSST 4th) 48 .94 97.36 34,55 -22
Linde 8 L
Unirradiated 45 .18 210.89 43 .47 -59
Irrad. (UBR-4BA) 21.16 19.82 44 .29 61
IAR (UBR-48B) <14 .89 87.63 157.30 43
Irrad. (UBR-50) 51.38 11.55 15.36 22
Unirrad. (Check) -30.21 188.13 164,52 -61
Irrad. (UBR-44) 45,32 10.88 42.56 69
Irrad. (UBR-46) 44 .49 12.18 52.99 80
Irrad. (UBR-45) 51.10 7.49 34,96 66
Irrad. (UBR-65) 25.58 4B .46 50.23 22
Irrad. (UBR-75) 44,93 13.89 36.91 51
Irrad. (UBR-76) 49,78 93,48 154.78 73
e 0091 Ve 4
Unirradiated <108.62 419 .68 131.71 -92
Irradiated 14.64 66.72 49 .15 12
0091 Weld (68W
Unirradiated -19.51 341. 54 87.07 <91
Irrad. (HSST 4th) «5247.39 5478.95 3798.68 -92
nde 0091 Weld (65W
Unirradiated 16.08 108.85 72.96 -19
Irrad. (HSST 4th) 42.50 35.57 53.40 26
de 0091 W 9A
Unirradiated 22.40 519.22 44,24 -84
Irrad. (UBR-48A) 33.66 40.10 52.66 27
IAR (UBR-48B) 53.32 28.14 29.63 13
Irrad. (UBR-50) «70.52 178.82 166,31 -8
Irrad. (UBR-77) 13.69 91.27 94,29 -5
nde 124 Ve 70W
Unirradiated -13.91 228.96 98.13 -69
Irrad. (HSST 4th) -5.93 170.28 94 .85 45
Linde 124 VWeld (E4)
Unirradiated «70.51 298.26 141 .49 -79
Irradiated 19.55 75.18 85.22 6
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for this forging exhibit the ’rntut difference between AT from C
and AT from Ky, (19°C vs. 96°C). No explanation wvas found for the
large differesce, although the limited number of specimens and the
irradiation temperatures (down to just over 200°C in some cases per
Ref. 2) are probable causes.

The second anomalous set is for the 20NiMoCr26 Forging GEB,
specifically the set irradiated at 275°C (UBR-79). As will be
{1lustrated in & later section, this set does not follow the trend
established by the other sets for this forging. Ome probable cause
for this discrepancy is the difference in the irradiation temperatures
for the C. and the fracture toughness specimens. A promising finding
for this ?Qr;in; is the overall lack of differences between AT from
and Ky,  as was found with the A 508 forging, implying that the cite
differences may not be genmeric with forging materials.

4.1 Cverall Comparisons

This method used to compare AT's from the two test methods is to
graphically plot AT from C, against that from Ky .. The various plots
to be used include a 45° Yﬂns re;resenting 1:1 correspondence. Data
points falling above thir iine are conservative estimates of AT from
Kjo+ with data pointz Lelow the line indicative of non-conservative
estimates of 47 fcrom K; . Table 4 compares the AT values for the
and the K; data, along with fluences and other important information
for each data set, Table 5 then gives average differences and
standard deviations for various sub-sets of this data base.

Figure 1 compares all of the available data. The data generally
follow the 1:1 lime, although many of the data points for the base
metals are found to lie below the line, i.e., non-conservative. From
Table 5, using all data (exclusive of the two sets cited ebove) yields
an average underestimate of 8°C. A product form dependence is
apparent, as the welds exhibit estima.ss of AaT(K;.) which are
conservative by 1°C on average and plates exhibit estimates which are
non-conservative by 15°C on average. All of these numbers represent
some improvement from those reported in Ref. 1.

In Fig. 2, the plate and the weld data are sub-divided by type, into
A 533-B and A 302-B for the plates and Linde 80 for the welds. For
the plates in particular, there are no significant differences between
the two plate types. In contrast, the non-Linde 80 welds exhibit
somewhat non-conserative estimates of AT(K;.) by &T(C,), although well
within the scatter in each data set.

Separation of the plate and the weld data according to irradiation
fluence rate also reveals no significant tremd (Fig. 3). For the

welds only three data sets are from the low and intermediate fluence
rates.

4.2 20NiMoCr26 Forging (CEB)

This forging was found to be archive material for the Gundremmingen
reactor (KRB-A), as described in Ref. 7. Of the five data sete for
this forging (Fig. 4), two represent data for as-irradiated conditions

12



Table 4 Summary of AT Values from K;. and C, Data

Heat Capsule Fluence Fluence Temperature at Temp. Shift at
1D 1D Rate
41J 100 MPa/m 41 J 100 MPa/n

) (°c) (°c) (°c) (°¢)
BCB Unirrad. ceea sesasanen «24.8 -68 - ..
BCB BSR-6 High 80/2.89 -5.8 28 19.0 96
GEB Unirrad. seen seses vess +28.3 -78 . -
GEB UBR- 68 High 0.88/0.86 12.9 -30 41.2 48
GEB 1A 399°C High 0.88/0.86 -13.4 <63 14.9 15
GEB 1A 454°C High 0.88/0.86 -26.0 75 2.3 3
GEB U (Check) sess ssssseens -21.0 -89 . .
GEB UBR-78 High 0.27/0.26 -4.6 49 16.4 40
GEB UBR-79 High 0.88/0.86 20.0 «10 41.0 79
CAB Unirrad. sees ssssssees 2.2 <46 . .
CAB BSR-2 High 1.20/1.15 35.0 27 32.8 73
CAB BSR-3 High 1.70/1.86 62.7 47 60.5 93
CAB BSR-5 High 2.10/2.18 64.6 36 62.4 82
CBB Unirrad. sese sssessnns 0.7 -50 . .
CBB BSR-4 High 4.40/4 .82 91.4 67 90.7 117
3P Unirrad, sees senscsces 0.4 -17 . .
ip §58C-1 High 2.3572.28 72.0 52 71.6 69
3p §8C-2 High 4.97/4.90 84.2 87 83.8 104
3p Wall-l Int. 3.47/3.64 74.3 57 73.9 74
ip Wall-2 Int, 1.99/1.98 63.6 37 63.2 54
ip Wall-3 Int, 0.98/0.95 53.3 24 52.9 41
026 Unirrad. e 3.2 <24 . .
02G HSST 4th High 1.77/1.95 69.2 64 66.0 88
67¢C Unirrad, sees sensssens «13.7 -36 - .
67¢C UBR- 58 High 1.55/1.78 55.8 45 69.5 81
68A Unirrad. sree ssssesnen -13.6 -38 - .
68A UBR-61 High 1.53/1.73 123.2 98 136.8 136
68C Unirrad. sees essessess -9.8 «32 . .
68C UBR- 58 High 1.55/1.78 135.4 125 145.2 157
236 Unirrad, sees sesssesas «28.9 -83 - .
236 UBR- 38 Low 0.54/0.57 20.7 7 49.6 90
230 UBR-77 High 0.45/0.47 6.0 -54 34.9 29
N Unirrad, sres  essssssss 13.5 ~46 - .
N BSR-7 High 2.70/2.64 91.6 82 78.1 128
N Unirrad. L «6.8 47 . .
N UBR- 31 High 3.60/3.64 88.7 49 95.5 96
F23 Unirrad. seee sssiessses -2.9 -63 - .
F23 §8C-1 High 2.59/2.40 78.4 50 81.3 113
F23 §8C-2 High 5.41/5.06 90.3 64 93.2 127
F23 Wall-1 Int, 3.73/3.78 71.6 44 74.5 107
F23 Wall.2 Int, 2.15/2.08 51.4 33 54.3 v6
F23 Wall-3 Int, 1.05/0.99 46.1 14 49.0 77
® 10! n/em? (B > 1 MeV), with C./K

& v/ ™ Je:
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Table 4 Summary of AT Values from Ky, and C, Data (continued)

Heat Capsule Fluence Fluence Temperature at Temp. Shift at
1D b Rate
41J 100 MPa/m 41 J 100 ».m./ii

* (°c) (°c) (°c) (°c)
23F Unirrad. cene cesesssse 13,9 A . .
23F UBR- 38 Low 0.54/0.57 38.9 11 52.8 55
23F UBR-44 Int, 0.79/0.88 43.1 31 7.0 75
23F UBR-46 Int. 1.50/1.64 4B.7 33 62.6 77
23F UBR-45 Int. 3.85/4.01 59.5 30 73.4 74
23F UBR-65 High 0.56,0.53 31.0 -13 44 .9 3
23F UBR-75 High 1.22/1.02 45.2 9 9.1 53
23F UBR-76 High 2.23/1.95 55.8 40 69.7 84
6A2 Unirrad. cees  sesesans « 364.3 -27 - .
6A2 UBR-61 High 1.53/1.73 %0.0 57 75.7 B4
E19 Unirrad. B -15.3 -59 . .
E19 BSR-8 High 0.10/0.11 76.2 62 91.5 121
E19 BSR-9 High 0.73/0.75 36.1 -13 51.4 46
E19 BSR-10 High 2.50/2.53 103.8 47 119.1 106
E23 Unirrad. L eee +16.2 - 50 - .
E23 BSR-12 High 0.69/0.67 69.5 24 85.7 74
71V Unirrad. seee sressssss «7.6 -38 . .
71W HSST 4th High 1.65/1.78 15.2 -22 22.8 16
W8A Unirrad. cesrennan «17.0 -59 B .
WBA 42C/4BA High 2.03/2.10 114.8 61 131.8 120
WBA 1AR (41B/4BB) High 2.19/2.22 96.8 43 113.8 102
WaA 41C/50A High 1.34/1.50 95.7 22 112.7 81
WBA U (Check) cese sesssasas . -61 . -
WBA UBR-44 Int, 0.79/0.88 101.3 69 118.3 130
WBA UBR-46 Int. 1.50/1.64 109.3 80 126.3 141
WBA UBR-45 Int. 3.85/4.01 131.8 66 148 .8 127
WBA UBR-65 High 0.56/0.53 71.3 22 88.3 83
WBA UBR-75 High 1.22/1.02 97.7 51 114.7 112
WEA UBR-76 High 2.23/1.95 110.1 73 127.1 134
E24 Unirrad. “ere sssssssas -73.%5 -92 B .
E24 BSR-4,15 High 0.72/0.74 5.8 12 79.3 104
68V Unirrad, cess semsssses -59.5 -91 . .
68W HSST 4th High 1.35/1.34 -49.1 <92 10.4 <1
69W Unirrad. cees sssssssns -19.5 -19 . -
69W HSST 4th High 1.22/1.32 6.6 26 26.1 45
WOA Unirrad. I -61.3 -84 B .
WoA 42C/48A High 2.03/2.10 47.7 27 109.0 111
WOA  IAR(G1B/48B) High 2.19/2.22 25.9 15 87.2 o
WoA 41C/50 High 1.34/1.50 31.6 -8 92.9 76
WoaA UBR-77 High 0.45/0.47 3.3 -5 64.4 79
70w Unirrad. srea ssasseses -39.5 -69 - -
70w HSST 4th High 1.65/1.81 -19.9 45 19.6 24
E4 Unirrad. e «37.7 -79 . -
E4 BSR-13 High 2.20/2.34 50.6 6 88.3 85

8 101 n/em® (E > 1 MeV), with C /K,
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Table 5 Statistical Comparison of AT(C,) and AT(Ky.)

8T(Ky,) = AT(C,) + K,

Subset K b3 }-o l-¢ Range # of
&) (°c) °c) Data Pts
All Data +9.9 22.5 «12.6: +32.4 59
All Data +8.3 19.8 «11.5: +28.1 57
(except BCB and UBR-79)
All Velds 0.6 15.4 «16.0: +14.8 23
All Plates +15.0 23.5 «8.5: +38.5 30
All Forgings +24 .4 39.7 «15.3: 464.1 6
Linde 80 4,2 16.3 «20.5: +12.1 14
Non-Linde 80 Weld +5.0 14.9 «9.9: 419.9 9
Veld WBA +5.8 16.5 «22.3: 410.7 9
A 533-B +12.9 22.0 «9.1: +34.9 15
A 302-B +17.1 25.7 «8.6: #4208 15
Plate 23F +4.2 12.7 -8.5: +16.9 7
Forging GEB +13.8 22.4 ~8.6: +36.2 5
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(288°¢ irrndiuticn). two represent 1o (irradiate-anneal) conditicns
(annealing at 399 C and 454°C), and the last set is from an
{rradiation st 275°C In genornl data for the 1A conditions and the
highest fluence of the 288°C-irradiated conditions are in good overall
agreement . In contrast, data for the 275°C-irradiated condition and
the lowest fluence of the 288°C-irradiated conditions demonstrate
somewhat non-conservative estimates of AT(K,.) by AT(Cy). Possible
causes for the differences are the lack of adequate baselinc testing

for referencing of the two latter conditions and the small number of
specimens for the two conditions.

4.3 A 533-B Plate CAB

This plate was {rradisted in three high fluence rate capsules
(Ref. 2). The three resultant data points sre in good agreement with
one another (Fig. 5). The offset of the data from the 1:1 line may be
due to improper reference data or possibly a time-at-temperature
effect for either the fracture toughness or the C, data.

4.4 A 533-B Plate 23C

This plate was irradiated at a low fluence rate and a high fluence
rate (Fig. 6). As described in Ref. 6, the fracture toughness data
for the low fluence rate {rradiation exhibit an unexpected high

transition temperature shift, in comparison to the C, data and data
for the high fluence rate.

4.5 A 533-B Plate 3P

This plate was irradiated as a part of the Light Water Reactor
Surveillance Dosimetry Improvement Program (Ref. 3) in Simulated
Surveillance Capsules (S5C) at a high fluence rate and simulated in-
wall capsules at an intermediate fluence rate (Fig. 7). Overall, the
data for the S8S5C and the wall capsules follow a similar trend, as this
plate ylields geod overall comparisons between AT(K;.) and AT(C,).

4.6 A 302-B Plate N, F23 and 23F

The plate denoted by the designations N, F23 and 23F are actually the
same plate, specifically the ASTM A 302-B Reference Plate, with the
23F and F23 designations trom one plece of this plate and the N
designations from a different portion of this plate. The irradiation
set designated UBR-31 represents irradiation of the L-T orientation
from the plate 1/4T location, whereas BSR-7 represents irradiation of
the T-L orisntaticn from the plate 1/4T location, The SSC and Wall
irradiations were companion to those of the A 533-B Plate 3P (Ref. 3),
and were T-L orientation from the 1/4T location. The remaining UBR
irradiations used the T-L orientation from the 1/2T location., From
one viewpoint, data for this plate (Fig. 8) tend to follow a similar
trend to that found with the A 533-B Plate 3P, as & given increment of
AT(K;.) is followed by a lesser increment of AT(C,). From a different
viewpoint, data from the 1/2T location &and the 1/4T location
independently indicate a similar trend,with an offset of - 30°C. The
latter postulate is verified to some degree by cemparing the baseline
data for the 1/4T and the 1/2T locations. From C,, data, the 41 J
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transition temperature occurs at -3°C for the 1/4T location and -14°C
for the 1/2T location. In contrast for the fracture toughness data,
the 100 HP.J; transition temperature occurs at «63°C for the 1/47T
location and -44°C for the 1/2T location (the transition temperature
used here for the 1/4T location differs from those used in Refs. 3 and
6 due to the fact that previously-reported value is from a hand-fit to
the fracture toughness data). Therefore, the C, data indicate higher
transition toughness for the 1/4T location (by Y1°C) but the fracture
toughness data indicate lower transition toughness for the 1/4T
location (by 19°C). One would expect the two test types to indicate a
change of properties in the same direction; causes for the ntclatgh
are not known but warrant investigation. Accounting for the 30°C
offset (11°C + 19°C) in the baseline properties would bring all of
these data into much improved agreement.

4.7 Linde 80 Weld E19

This weld was {rradiated to three fluences at a high fluence rate
(Ref. 2). All three data points are in good agreement in bounding the
1:1 1ine (Fig. 9).

4.8 Linde 0091 Weld W9A

This weld (Fig. 10) was tested in four {rradiated conditions
representing a high fluence rate, with one of those actually an IAR
condition (irradiate-anneal-reirradiate). Prior to the development of
data for UBR-77 and additional data for Linde 80 Weld WBA, an apparent
trend had developed for this weld and VWeld WBA in that the IAR
conditions indicated minimal increase in AT(C,) but a larger increase
in AT(K;.), in contrast to that from a lower fluence as-irradiated
condition tests. With the addition of a third as-irradiated condition
(UBR-77), the differences between the previous as-irradiated condition
data and the IAR-condition data do not exceed those between the three
as-irradiated conditions.

4.9 Linde 80 Weld W8A

For this weld, data from as-irradiated conditon testing of high
fluence rate and low fluence rate irradiations lie within the same
trend as a data point from an IAR condition after a high fluence rate
irradiation (Fig. 11). 1In addition, all of these data bound the 1:1
line, indicative of good agreement between AT(K,.) and AT(C,).

4.10 Other Data

Additional data comparing C, and fracture toughness results are from
the Heavy Sect’ . Steel Technelogy (HSST) Fifth Irradiation Series
(Ref. 11) and from a German forging and a German weld (Ref. 12). As
illustrated in Fig. 12, these additional data are consistent with the
data base used in this report. Data for the Fifth Irradiation are of
particular note due to the wide range of large specimens (up to 8T-CT
for unirradiated and 4T-CT for {rradiated) tected. The reader is
referred to the final report on this test series for a more complete
description of test parameters and results.
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5. SUMMARY AND CONCLUSIONS

For RPV safety assessments, knowledge of the fracture toughness (K;.)
of the RPV materials is requived. Since surveillance irradiastions of
sufficiently-large fracture toughness specimens for valid K; measure-
ments are not possible, estimates of the irradiated K; properties are
required. These approximaticns are made by using pre-irradiation
properties (RTyne) and the transition temperature shift from Charpy-V
specimens [Ar(§v§1 to index the ASME K;, and Kyp curves. To assess
the appropriateness of using AT(C,) to estimate AT(Ky.), comparisons
of notch ductility (C,) and fracture toughness (K; ) assessments of
transition temperature shifts for RPV base metals and welds were made.

From a strict statistical standpoint, plates and welds tend to exhibit
different trends for relating fracture toughness and notch ductility
assessments of dirradiation-induced transition temperature shifts
(aT). This observation is supported in Table 5 where AT(C,) for
plates underestimates AT(K;.) on average, vhile AT(C,) for welds
overestimates AT(K;.) on average. Data in Fig. 1 demonstrate that
4T(C,) for welds gives a consistent estimate of AT(K;,) at all Al
levels. However, AT(C,) for plates tends to underestimate large
AT(Ky,) shifts, although improved agreement has been found at large
AT(Ky.) levels in contrast to that found in Ref. 1.

Conclusions from this study are:

3 Transition temperature shifts (AT's) measured by fracture
toughness methods (K; at 100 MPa/m) are only slightly
greater than AT's from motch ductility (G, at 41 J) tests,
on average by 10°C.

. A product form effect influences the AT(K;.) vs. AT(C,)
relationship, whereby AT(K;.) for welds is overestimated
by 1°C on average bx Cy results and AT(K;.) for plates is
underestimated by 15°C on average by C, results.

B For the A 508.2 forging, AT(Ky.) is much greater than the
AT(C,). This behavior is atypical of the other heats in
the Xatn base, including the other forging.

B For Linde 80 welds, AT(C,) conservatively estimates
AT(K;.) on average.

. Fluence rate does not in general have any effect on the
relationship between AT(C,) and AT(Ky.) .

The above conclusions rust be balanced 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
result in too few specimens of too small a thickness to provide for
complete and unambiguous definition of the fracture toughness behavior
with temperature. Several bench-mark irradiations of many small
(thickness) specimens of several compositions and product forms would
be an excellent supplement to the HSST Fifth Irradiation Series.
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APPENDIX A

Curve-Fit Results for the Charpy-V Data
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