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LEGAL NOTICE

This report was prepared by Westinghouse Electric Corporation (WESTINGHOUSE) as an account
of work sponsored by the Electric Power Research Institute, Inc. (EPRI). Neither EPRI, members of
EPR!, nor WESTINGHOUSE, nor any person acting on behalf of either:

El Makes any warranty or representation, express or implied, with respect to the accu-
racy, completeness, or usefulness of the information contained in this report, or that
the use of any information, apparatus, method, or process disclosed in this report
may not infringe privately owned rights; or

b, Assumes any habilities with respect to the use of, or for damages resulting from the
use of, any information, apparatus, method, or process disclosed in this report.
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SECTION1
SUMMARY OF RESULTS

.es of the reactor vessel matenal contained in the second surveiillance capsule, designat

y the Wisconsin Public Service Corporation Kewaunee nuclear plant reactor pressure

the following conclusions

~ 2
.ule received an average fast fluence of 2.07 x 1019 n/em< (E > 1 Mev)

~ P L “
a calculated value of 2.06 x 1019 n/em?

Based on the fluence measurements for Capsule R, the vessel 1/4 thickness filuence

2
yfter 4 5 effective full power years of operationis 3.77 x 1018 n/em< compared to

) vculated fluence of 3.75 x ]\118 n/c H\z

of Charpy impact tests for the two Kewaunee capsules ‘ested to date indi

s that raciation damage has not saturated

ted fast neutron fluences for the reactor vessel, based on 32 full

yperaticn at 1650 MW, are as follows

Fast Neutron Fluence (n cm?)
Calculated Measured




SECTION 2
INTRODUCTION

report presents the results of the examination of (

ipsule R, the second capsule of the con
irveil

ince program which monitors the effects of neutron irrachation on the Wisconsir

service Corporation Kewaunee Nuclear Plant reactor pressure vessel matenals under actua

urveillance program for the Kewaunee reactor prassure vessel matenals was designed and
imended by the Westinghouse Electr

iNna the preirrad

Corporation. A description of the surveillance progran
A

ition mechanical propertie

WCAP-8017 1

of the reactor vessel matenals are presented in

The surveillance program vs/as planned to cover the 40-year life of the reactor
sure el and was based on ASTME-185-70. "Recommended Practice for Surveillance
9
ar Rrim tor Vessels | €

mmarizes testing and the postirradiation data obtained from the second material sur
ipsule (Capsule R) remon u from the Kewaunee reactor vessei and discusses the analy
jata 7.re also compared to results of the previously removed Kewaunee

W AP-8908 '3
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SECTION 3
BACKGROUND

he ability of the large steel pressure vessel containing the reactor core and its primary coolan' 1o
re t fracture constitutes an important factor in ensuring safety in the nuclear industry. The beltiine
region of the reactor pressure vessel is the most cntical region of the vessel because t 1§ subjected
to significant fast neutron bombardment. The overall effects of fast neutron irradiation on the me
har )l properties of low aliny ferritic pressure vessel steels such as A508 Class 2 (base matenal

f the Kewaunee reactor pressure vessel beltline) are well documented in the literature Generally

yw alloy terntic matenals show an increase in hardne ind tensile properties and a gecrease In
iuctility and toughness under certain conditions of irradiation
A method for performing analyses to guard against fast fracture in reactor pressure vessels ha

been presented in "Protection Against Nonductile Failure Appendix G, to Section Il of the ASME

Boiler and Pressure Vessel Code. The method utilizes fracture mechanics concepts and is based on

the reference nil-ductiity temperature RTN[)Y

H".'\H:,. s detined as the l"Aiq'.?v’Y(\""a\!f, l"fv?“\]"‘"‘l ductility “dﬁ%”ﬂ)!“'p”\p“h”\l”) \NDTY per

ASTM E-208) or the temperature 60°F less than the 50 ft Ib temperature (or 35-mil lateral expan
f this is greater) temperature as aetern ned from Charpy specimens onented normal to the

working direction of the maternial. The RTypT of a given material 1s used to ndex that maternal to a

eference stress intensity factor curve (Kjr curve) which appears in Appendix G ot the ASME Code

The K)r curve is a lower bound of dynan rack arrest, and static fracture toughness resuits ob
yned from several heats of pressure vessel steel. When a given matenal is indexed to the K|
rve, allowable stre ntensity factors can be obtained for this maternal as a function of tempera

ture A wable operating lunits can then be determined utilizing these allowable stress intensity

tacrt
RTnDT @nd, in turn, the operating limits of nuclear power plants can be adjusted to account for the
ffects of radiation on the r2actor vessel maternial properties. The radiation embrittiement or
! G ' mechanical properties of a given reactor pressure vessel steel can be monitored bv a
reactor rveillance program such as the Kewaunee Reactor Vessel Radiation Surveillance
Progran 11 in which a surveiliance NS Ul pe fically removed from the operating nuclear




reactor and the encapsulated specimens are tested. The increase in the Charpy V-notch 50 ft Ib
temperature (ARTyp 1) due to irradiation is added to the onginal RTyp T to adjust the RTyp T for
radiation embrittiement. This adjusted RTyp T (RTypT imitial + ARTyp 1) 15 used to index the mate-
nal to the Kjg curve and, 'n turn, to set operating himits for the nuclear power plant which take into
account the effects of wrradiation on the reacto vessel matenals

3-2



SECTION 4
DESCRIPTION OF PROGRAM

ce capsules for monitoring the effects of neutron exposure on the Kewaunee reactor
ore region matenal were 'nserted in the reactor vessel prior to initial plant startup
les were positioned in the reactor vessel between the thermal shield and the vessel

itions shown in fiqur2 4-1. The vertical center of the capsules i1s opposite the vertica
f

center ot the core

Capsule R was removed after 4.5 effective full power years of plant operation. This capsule con
taned Charpy V-notch impact, tensile, and WOL specimens (figure 4-2) from the intermediate and
ower shell nng forg ngs and weld metal representative of the core region of the reactor vessel and
Charpy V-notch specimens from weid heat-affected zone (HAZ) matenial. The capsule also con
tained Charpy V-notch specimens from the 12-inch-thick ASTM correlation monitor matenal
A533 Grade B Class 1). The chemistry and heat treatment of the surveillance matenal are present

Y tables 4-1 and 4-2

3t specimens were machined from the 1/4 thickness location of the forgings. Test specimens
represent matenial taken at least one ‘orgmg thickness from the quenched end of the h‘)rqmg All
base metal Charpy V-notch and tensile specimens were oriented with the longitudinal axis of the
specimen parallel to the principal working direction of the forgings. The WOL test specimens were
ned with the simulated crack of the specimen perpendicular to the surfaces and roling dire

g forgings

notch specimens from the weld metal were oriented with the longitudinal axis of the
mens transverse to the welding direction. Tensile specimens were onented with the longitudi
g e Sf 4

men paralliel to the welding airection

ntained dosimeter wires of pure iron, copper, nickel, and aluminum-cobalt (cadmium
ddition, cadmium-shielded dosimeters of N()23 7 and U238 were

apsule and located as shown in figure 4-2




N (1.79)

270°

R (3.37)

-REACTOR VESSEL
P (1.94)

THERMAL SHIELD

Vv (3.37)

Figure 4-1. Arrangement of Surveillance Capsules in Kewaunee
Reactor Vessel ‘Updated Lead Factors for the
Capsules Are Shown in Parentheses)
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TABLE 41

CHEMISTRY AND HEAT TREATMENT OF MATERIAL REPRESENTING THE
CORE REGION SHELL FORGINGS AND WELD METAL FROM

KEWAUNEE REACTOR VESSEL
CHEMICAL ANALYSIS (wt %!
Forging Forging Weld
Element 122X208VA1 123X167VA1 Metal
C 0.21 0.20 012
Si 0.25 028 0.20
Mo 058 058 048
Cu 0.06 0.06 0.20
Ni on 0.7% 077
Mn 069 0.79 1.37
Cr 040 035 0.090
" <0.02 <002 0.002
Co 0011 0.012 0.001
Sn 0.01 0.01 0004
T <0.001 <0.001 <0.001
Zr 0.001 0.001 < 0.001
As 0.001 0.004 0.004
Sb <0.001 0.001 0.001
S 00Mn 0.009 00Mn
P 0010 0010 0016
Al 0.004 0.006 0.010
B <0.003 <0.003 <0.003
N2 0008 0010 0012
Zn - - <0.001
HEAT TREATMENT
Intermediate Shell Heated at 1550°F for 8 hours, water-quenched
Forging Heat 122X208VA1 Tempered at 1230°F for 14 hours, air-cooled
Stress-relieved at 1150°F for 21 hours,
furnace-cooled
Lower Shell Forging Heated at 1550°F for 8 hours, water-quenched
Heat 123X167VA1 Tempered at 1220°F for 14 hours, air-cooled
Stress-relieved at 1150°F for 21 hours,
furnace-cooled
Submerged Arc Weldment Stress-relieved at 1150°F for 19-1/4 hours,
furnace-cooled

4-5




TABLE 4-2

CHEMISTRY AND HEAT TREATMENT OF SURVEILLANCE MATERIAL
REPRESENTING 12-INCH-THICK A533 GRADE BCLASS 1
ASTM CORRELATION MONITOR MATERIAL FROM HSST PLATE 02

Chemical Analysis (wt %)

Heat Treatment

ailr 0oleq
water-quencheq
furnace-cooled

nours furnace-cooled to 600°F







SECTION 5
TESTING OF SPECIMENS FROM CAPSULER

5-1. OVERVIEW

The postirradiation mechanical testing of the Charpy V-notch and tensile specimens was per-
formed at the Westinghouse Research and Development Laboratory with consuitation by Westing-
house Nuclear Energy Systems personnel. Testing was performed in accordance with 10CFR50,
Appendices G and H

Upon receipt of the capsule at the laboratory, the specimens and spacer blocks were carefully re-
moved, inspected for identification number, and checked against the master list in WCAP-8017 (1)
No discrepancies were found.

Examination of the two low-melting 304°C (579°F) and 310°C (590°F) eutectic alloys indicated no
meiting of either type of thermal monitor. Based on this examination, the maximum temperature to
which the test specimens were exposed was less than 304°C (579°F).

The Charpy impact tests wers performed on a Tinius-Olsen Model 74, 358J machine. The tup
(striker) of the Charpy machine is instrumented with an Effects Technology model 500 instrumen-
tation system. With this system, load-time and energy-time signals can be recorded in acdition to
the standard measurement of Charpy energy (Ep). From the load-time curve, the load of general
yielding (Pgy), the time to general yielding (tgy), the maximum load (Ppy), and the time to maxi-
mum load (tpg) can be determined. Under some test conditions, a sharp drop in load indicative of
fast fracture was sbserved. The load at which fast fracture was initiated 1s identified as the fast
fracture load (Pg), and the load at which fast fracture terminated is identified as the arrest load (Pp).

The energy at maximum load (Epy) was determined by comparing the energy-time record and the
load-time record. Th2 energy at maximum load is roughly equivalent to the energy required to initi-
ate a crack in the specimen. Therefore, the propagation energy for the crack (Ep) is the difference
between the total energy to fracture (Ep) and the energy at maximum load.

The yield stress (:ry) is calculated from the three point bend formula. Tre flow stress is calculated
from the average of the yinid and maximum loads, also using the thrze point bend formula.



Percent shear was determined from postfracture photographs using the ratio-of areas method in
compliance with ASTM Specification A370-74. The lateral expansion was measured using a dial
gage rig similar to that shown in the same specification.

Tensiie tests were performed on a 20,000-pound Instron, spht-console test machine (Model 1115)
per ASTM Specifications E8 and E21, and MHL Procedure 7604 Revision 2. All pul! rods, grips, and
pins were made of inconel 718 hardened to R, 45. The upper pull rod was connected thiough a
universal joint to improve axiality of loading. The tests were conducted at a constant crosshead
speed of 0. 05 inch per minute throughout the test.

Deflection measurements were made with a linear vanable displacement transducer (LVDT) exten-
someter. The extensometer knife edges were spring-loaded to the specimen and operated through
specimen failure The extensometer gage length is 1.00 inch. The extensometer is rated as Class
B-2 per ASTM E8B3

Elevated test temperatures were obtained with a three-zone electric resistance split-tube furnace
with a 9-inch hot zone. All tests were conducted in air

Because of the difficulty in remotely attaching a thermocouple directly to the specimen, the follow-
ing procedure was used to monitor specimen temperature. Chromel-alumel thermocouples were in-
serted in shallow holes in the center and each end of the gage section of a dummy specimen and in
each grip. In test configuration, with a slight load on the specimen, a plot ¢f specimen temperature
versus upper and lower grip and controller temperatures was developed over the range room tem-
perature to 550°F. The upper grip was used to control the furnace temperature. During the actual
testing the grip temperatures were usec to obtain desired specimen temperatures. Experiments in-
dicated that this method is accurate to plus or minus 2°F.

The yield load, uitimate load, fracture load, total elongation, and uniform elongation were deter-
mined directly from the load-extension curve. The yield strength, uitimate strength, and fracture
strength were calculated using the original cross-sectional area. The final diameter and final gage
length were determined from postfracture photographs. The fracture area used to calculate the
fracture stress (true stress at fracture) and percent redi:_tion in area was computed using the final
diameter measurement.

5-2. CHARPY V-NOTCH IMPACT TEST RESULTS

The toughness results from Charpy V-notch impact tests perfermed on the various surveiilance
matziials in Capsule R after irradiation to 2.07 x 1019 n/em? are presented in tables 5-1 through
5-3 and figures 5-1 through 5-5 Instrumented Charpy impact test results for the various materials
are shown in tables 5-4 through 5-6 A summary of the surveillance test results is presented in
table 5-7 The fractured surfaces of the impact specimens are shown in figures 5-6 through 5-10




TABLE 5-1

CHARPY IMPACT DATA FOR KEWAUNEE REACTOR
PRESSURE VESSEL SHELL FORGINGS
(Irradiated to 2.07 x 1019 n/cm?2)

Sample Temperature Impact Energy Lateral Expansion Shear
Number (“C) (°F) (9 (ft Ib) (mm) (mils) (%)
Forging 122X208VA1
P-23 46 -50 110 80 020 80 0
P-16 -32 -25 175 130 0.25 10.0 0
P-18 -18 0 59.0 435 094 370 17
P-21 -18 0 975 720 1.50 590 28
P-13 -1 30 1510 1116 1.93 76.0 54
P-14 26 78 685 505 1.04 410 38
P-17 26 78 1700 1255 225 89.0 63
P-24 52 125 1645 1215 216 85.0 78
P-15 93 200 1700 1255 2.26 890 77
P-20 121 250 2280 1680 2.36 930 100
P-22 149 300 2100 1550 2.31 91.0 100
Forging 123X167VA1

S-20 -73 -100 95 7.0 0.15 6.0 0
S-13 -46 -50 445 330 066 26.C 19
S-19 -32 -25 740 545 1.09 430 17
S-21 -32 -25 77.5 57.0 1.09 430 21
S-15 -18 C 355 260 053 210 8
S-23 -18 0 7715 570 1.97 460 17
S-22 -1 30 1315 970 1.80 710 51
S-24 10 50 1035 76.5 1.45% 570 38
S-14 16 60 1355 100.0 1.85 73.0 63
S-18 26 78 2210 163.0 254 1000 100
S-16 66 150 1985 1465 244 96.0 100
S-17 93 200 2035 1500 2.36 930 100
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TABLE 5-2

CHARPY IMPACT DATA FOR KEWAUNEE REACTOR
PRESSURE VESSEL WELD METAL AND HAZ MATERIAL
(Irradiated to 2.07 x 1079 n/ecm?2)

Sample Temperature Impact Energy Lateral Expansion
Number [~ () I (°F) (J) l (ft Ib) (mm) I (miis)

Weld Metal
100 15
360 26
425 31.%
550 405
670 495

785
1050 175
070 790

HAZ Matenal
l 155
1175
65.5
495




TABLES-3

CHARPY IMPACT DATA FOFi THE ASTM CORRELATION

MONITOR MATERIAL
(HSST Plate 02)

Sampie Temperature Impact Energy Lateral Expansion Shats

Number (ci (°F) (J) (ft Ib) {(mm) (mils) (%)
R-13 26 78 100 75 013 50 14
R-12 66 150 305 225 0485 18.0 25
R-9 93 200 440 325 0.76 300 27
R-10 99 210 500 370 076 300 35
R-16 107 225 1G3.0 80.5 140 550 70
R-15 121 250 1315 97.0 1.75 69.0 69
R-11 149 300 1225 9056 1.91 75.0 100
R-14 177 350 1340 990 236 93.0 100

5-5
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INST

Normalized E
Test Charpy Charpy Init
Sample Temp Energy Ed’A Em/A
Number (c) () (kd i) | (kJ/m?)
rid -46 110 136 68
P16 -32 175 220 101
P18 -18 590 737 675
P21 -18 975 1220 651
P13 -1 1510 1890 737
P14 26 685 856 628
P17 26 1700 2127 768
P24 52 1645 2055 783
P15 93 1700 2127 698
P20 121 2280 2847 698
P22 149 2100 2627 651
S20 -73 95 119 84
S13 -46 445 559 470
S19 -32 740 924 667
S21 -32 775 966 683
S15 -18 355 441
S23 -18 77.8 966 698
S22 -1 1315 1644 714
S24 10 1035 1297 760
S14 16 1365 1695 698
S18 26 2210 2762 729
S16 66 1985 2483 698
S17 93 2035 2542 651




UMENTED CHARPY IMPACT TEST RESULTS FOR KEWAUNEE
SHELL FORGINGS

TABLES-4

-

8 gu

rgies
Prop Yield Time Maximum Time to Fracture Arrest Yield Flow
Ep/A Load to Yield Load Maximum Load Load Stress Stress
(kd/m2) (N) (us) (N) (us) (N) (N) (MPa) (MPa)
Forging 122X208VA1
68 17300 130 17300 0
119 14900 90 16700 200 16700 0 767 812
62 15100 100 19300 670 19300 0 778 887
569 14900 110 19100 680 17800 0 767 875
1153 14900 130 19600 730 14900 4400 767 887
228 12900 1156 18700 690 18700 3300 664 812
1359 13600 140 18000 800 11100 3300 698 812
1276 13300 140 18700 850 12900 6000 687 824
1429 13100 1156 18200 790 10900 6400 675 807
2149 12200 130 17600 840 629 767
1975 10700 90 16500 800 549 698
Forging 123X167VA1
34 17800 90 17800 0
90 16000 130 19800 500 19800 0 824 921
257 15600 100 20200 660 19800 0 801 921
283 14900 130 20200 670 19600 0 767 304
268 15300 110 19800 670 19600 0 790 904
930 14900 130 19300 700 156300 0 767 881
537 14700 110 20000 730 18900 0 755 893
997 14000 110 19100 700 13800 0 721 853
2033 14500 120 20000 750 744 887
1785 12900 120 19100 730 664 824
1891 12900 130 17300 807 664 778




INSTRUMENT

Normalized Energies

Test Charpy Charpy Init |
Sample Temp Energy Ed/A Em/A f
Number °c) (J) (kJ/m2) | (kJ/m2) | (k
w10 26 10.0 127 68 |
W15 66 36.0 449 381
W11 93 425 534 365
W16 99 550 686 462
W12 107 670 839 397
w9 121 106.5 1330 486
wia 149 105.0 1313 429
Wi3 177 107.0 1339 502
H10 -18 210 263 198 |
H13 10 1595 1991 737 ]
H14 26 750 941 557
H11 52 670 839 565
HI 66 1370 1712 659 1
H16 93 177.D 2212 745 ;
H12 149 2185 2729 659 ]
H15 Vil 1795 2246 644 J




TABLE 5-5

D CHARPY IMPACT TEST RESULTS FOR KEWAUNEE WELD METAL
AND HAZ MATERIAL

op | Yield Time Maximum Time to Fracture Arrest Yield Flow

/A Load to Yield Load Maximum Load Load Stress Stress
/m2) (N) (us) {N) (us) (N) (N) (MPa) (MPa)
-
’ Weld Metal
F) 16000 90 16000 0

68 14200 120 18000 400 18000 6200 732 830
169 15100 110 18200 410 18200 7600 778 858
225 14700 100 185G0 480 18500 10700 755 853
442 14700 110 1890 430 18900 14200 755 864

45 13300 140 1820( 550 687 872
8r4 12900 130 17600 510 664 784
L837 13800 130 17800 530 709 812
b HAZ Matenal

65 14500 117 17600 265 17602 | 0 744 824
255 13800 100 19800 730 14500 10200 709 864
384 13800 120 20500 640 20000 6200 709 881
274 15600 130 18900 610 17800 6700 801 887
052 14200 130 18700 730 13800 11100 732 847
467 15100 112 20000 780 778 904
069 12900 150 17300 780 664 778
[§02 13100 180 17100 760 675 778




—

Normalizogj

Test Charpy Charpy Init

Sample Temp Energy Ed/A Em/
Number (°c) (] (kJ/m2) umj
R13 26 100 127 84
R12 66 305 381 318
R9 93 440 551 373
R10 99 500 627 494
R16 107 109C 1364 620
R15 121 1315 1644 698
R11 149 1225 1634 581
R14 177 1340 1678 589




TABLES5-6

FTRUMENTED CHARPY IMPACT TEST RESULTS FOR THE ASTM
CORRELATION MONITOR MATERIAL

Enorgias
K Prop Yield Time Maximum Time to Fracture Arrest Yield Flow
Ep/A Load to Yield Load Maximum Load Load Stress Stress
2) | (ky/m2) (N) (es) (N) (us) (N) (N) (MPa) (MPa)
43 14200 90 14200 0
65 14700 130 16900 340 16900 3300 755 812
178 14000 110 18200 440 17800 6000 721 830
134 13300 120 18700 540 18700 8900 687 824
744 13600 130 18200 640 17300 16200 698 818
946 13800 130 19600 807 16900 11100 709 858
953 13300 150 18200 660 687 812
1089 12900 115 17800 630 664 790
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THE EFFECT O
NOTCH TOUGHNESS P

Transition Temper
Unirradiated
50 ftib 30ftib 35 mils 50 it
68 J 41 9 mm 63
Material °C (°F) °C (°F) ‘C(°F)
122X208VA1 -9 -31 -9
(15) (=25) (=15)
123X167VA1 -31 -46 -43
(~25) (=50) (-45)
Weld Metal -23 -46 -37
(-=10) (=50) (-35)
HAZ Metal -57 -82 -73
(122X208VA1) (-=70) (=115) (-100)
Correlation 27 7 16
(80) (45) (60)

—




TABLES5-7

288°C IRRADIATION TO 2.07 x 1019 n/cm?2 (E > 1 Mev) ON THE

RTIES OF KEWAUNEE REACTOR VESSEL SURVEILLANCE TEST MATERIAL

ture Average Energy Absorption
Irradiated A Transition Temperature at Full Shear
b 39ftib 35 mils 50 ft Ib 30ftib 35 mils
41J 8 mm 68 J 41J 9 mm Unirradiated Irradiated A Energy
) *C {°F) "C (°F) C (°F) C(°F) ‘C(°F) J (ftib) J (ftIb) J (ftIb)
-23 -18 6 8 8 2N 217 0
) (-10) (0} (10) (15) (15) (160} (160) (0)
-34 -26 n 1M 17 213 207 6
) (-30) (=15) (20) (20) (30) (157) (153) (4)
85 93 131 131 131 171 106 65
) (185) (200) (235) (235) 1235) (126) (78) (48)
2 16 83 83 89 244 191 53
) (35) (60) (150} \150) (1€ 0) (180) (141) (39)
85 96 72 78 81 167 129 38
) (185) (205) (130} (140) (145; (123) (95) (28}

5-17
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Figure 56

P-18 P-21 F-13

P-24 P-22

Charpy Impact Specimen Fracture Surfaces for
Kewaunee Intermediate Shell Forging 122x208 VA1
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$-13 S-21 S-15

S-24 S-14 S-18 S-16

Figure 5-7. Charpy Impact Specimen Fracture Surfaces for
Kewaunee Lower Shell Forging 123x167 VA1
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Figure 58 Charpy In.pact Specimen Fracture Surfaces
for Kewaunee Weld Metal
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H-14

H-12

Figure & Jharpy | >
g 5-9. Charpy Impact Specimen Fracture Surfaces
" )
for Kewaunee HAZ Material
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Figure 5-10. Charpy Impact Specimen Fracture Surfaces
for Kewaunee ASTM Correlation Monitor Material
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TABLES5-8

SUMMARY OF KEWAUNEE REACTOR VESSEL SURVEILLANCE CAPSULE
CHARPY IMPACT TEST RESULTS

Fluence
1018 h/em?

Material

Forging : 599
122X208VA1 ‘
20.70

Forging
123X167VA1
Weld Metal

Weld HAZ Metal

Correlation Monitor

68 J
50 ftib
Trans. Temp

Increase

41 J
30ftib
Trans. Temp

Increase

i

Decrease in
Upper Shelf
Energy[a]

(°C) (°F)

(°C) (°F)

(ft Ib)

+20
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Figure 5-11. Comparison of Predicted Versus Actual 41-Joule Transition Temperature

Increases for Kewaunee Reactor Vessel Materiais
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f Test
i Sampie ‘ Temp
E Number Material (°C)
[
P-6 122X208VA1 10
P-5 122X208VA1 66
P-7 122X208VA1 121
P-8 122X208VA1 288
S6 123X167VA1 -4
S-5 123X167VAI 24
S-4 123X167VA1 288
-9 Weid 121
wW-4 Weld 288




TABRLES5-9

IRRADIATED T0 2.07 x 1019 n/em2 (E > 1 Mev)

[ENSILE PROPERTIES FOR KEWAUNEE REACTOR VESSEL MATERIAL

o Yield
fiset Ultimate Fracture Fracture Fracture Uniform Total Reduction
ength | Strength Load Stress 5 Strength Elongation Elongation in Area
Pa) (MPa) (N) (MPa) (NiPa) (%) (%) (%)
467 629 12,700 1480 400 120 252 73
464 597 11,700 1360 369 11 248 73
32 572 11,500 1240 362 105 228 71
414 586 11.800 1190 372 10.7 220 69
27 674 12,900 1400 407 110 249 r 2
99 646 12,200 1550 386 113 249 75
435 €607 12,000 1210 379 98 205 69
674 758 16,900 1300 534 120 225 59
04 716 17,700 1210 558 120 192 54
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Figure 5-12 Tensile Properties for Kewaunee Reactor
Vessel Shell Forging 122x208 VA1
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Figure 5-13. Tensile Properties for Kewaunee Reactor
Vessel Shell Foraing 123x167 VA1
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stress strain ciirve for the tensile tests 5. Photographs of the fractured tensile

vown in figures 5-16 though 5-18

specimens for the two forgings and the weld metal are

respectively

5-4. WEDGE OPENING LOADING TESTS

Wedge Opening Loading (WOL) fracture mechanics specimens which were contained in the sur

sance capsule have been stored temporarily at the Westinghouse Research Laboratory on the

ommendation of the U.S. Nuclear Regulaiory Commission, they will be testec and reported on
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Figure 5-16. Fractured Tensiie Specimens From Kewaunee
intermediate Shell Forging 122x208 VA1
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Figure 517. Fractured Tensile Specimens From Kewaunee
Lower Shell Fcrging 123x167 VA1
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Figure 5-18. Fractured Tensile Specimens From
Kewaunee Weld Metal




SECTION 6
RADIATION ANALYSIS AND NEUTRON DOSIMETRY

6-1. INTRODUCTION

Knowledge of the neutron environment within the pressure vessel-surveillance capsule geometry is
required as an integral part of LWR pressure vessel surveillance programs for two reasons. First, in
the interpretation of radiation-induced property changes observed in materials test specimens, the
neutron environment (fluence, flux) to which the test specimens were exposed must be known.
Second, in relating the changes observed in the test specimens to the present and future condition
of the reactor vessel, a relationship between the environment at various positions within the reactor
vessel and that experienced by t+e test specimens must be established. The former requirement is
normally met by empioying a combination of ngorous analytical techniques and measurements ob-
tained with passive neutron flux monitors contained in each of the surveillance capsules. The latter
requirement is derived solely from analysis

This section describes a discrete ordinates Sy, transport analysis performed for the Kewaunee reac-
tor to determine the fast neutron (E > 1.0 Mev) flux and fluence as well as tha neutron energy
spectra within the reactor vessel and surveillance capsules, and, in turn, to develop lead factors for
use in relating neutron exposure of the pressure vessel to that of the surveillance capsules. Based
on spectrum-averaged reaction cross sections derived from this calculation, the analysis of the
neutron dosimetry contained in Capsule R is discussed, and updated evaluations of dosimetry from
Capsule V are presented

6-2. DISCRETE ORDINATES ANALYSIS

A plan view of the Kewaunee reactor geometry at the core midplane is shown in figure 6-1. Be-
cause the reactor exhibits 1/8th core symmetry, only a zero- to 45-degree sector is depicted. Six
irrachation capsules attached to the thermal shield are included in the design to constitute the reac-
tor vessel surveillance program. Two capsules are located symmetrically at 13, 23, and 33 degrees
from the cardinal axis as shown i figure 6-1

6-1
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Figure 6-1. Kewaunee Reactor Geometry
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A plan view of a single surveillance capsule attached to the thermal shield i1s shown in figure 6-2
The stainless steel specur.en contamner 1s 1-inch square and approximately 63 inches in height. The
containers are positioned axially such that the specimens are centered on the core midplan 3, thus
spanning the central 5 25 feet of the 12-foot-high reactor core

From a neutronic standg aint, the surveilllance capsule structures are significant. In fact, they have a
marked impact on the distnbutions of neutron flux and energy spectra in the water annulus be-
tween the thermal shield and the ractor vessel Thus, to properly ascertain the neutron environ-
ment at the test specimen locations, the capsules themselves must be included in the analytical
model Use of at least a two-dimensional computation is, therefore, mandatory

In the analysis of the neutron environment within the Kewaunee reactor geometry, predictions of
neutron flux magnitude and energy spectra were made with the DOTI5] two-dimensional discrete
ordinates code The radial and azimuthal distributions were obtained from an R,# computation
wherein the geometry shown in figures 6-1 and 6-2 was descnbed in the analytical model. In addi-
tion to the R,# computation, a second calculation in R,Z geometry was also carned out to obtain
relative axial vanations of neutron flux throughout the geometry of interest. In the R, Z analysis the
reactor core was treated as an equivalent volume cylinder and the surveillance capsules were not
included n the model

Both the R.# and the R,Z analyses employed 21 neutron energy groups, an Sg angular quadrature,
ard a2y cross-section expansion. The cross sections were generated via the Westinghouse
GAMBITI6] code system with broad group processing by the APPROPOS!7) and ANISNIBI codes
The energy group structure used in the analysis is listed in table 6-1

A key input parameter in the analysis of the integrated fast neutron exposure of the reactor vessel
15 the core power distribution. For this analysis, power distributions representative of time-
averaged conditions derived from statistical studies of long-term operation of Westinghouse two-
loop plants w.. = employed. These input distributions include rod-by-rod spatial vanations for all
peripheral fuel assemblies

It should be noted that this particular power distribution is intended to produce accurate end-of-life
neutron exposure levels for the pressure vessel. As such, the calculation is indeed representative of
an average neutron flux and small (plus or minus 5 to 20 percent) deviations from cycle to cycle
are to be expected

Having the results of the R,# and R,Z calculations, three-dimensional vanations of neutron flux may
be approximated by assuming that the following relation holds for the applicable regions of the
reactor

®R.2ZHEg) = d(R.HEg FIZEg) 6-1)

6-3
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TABLE 6-1

21 GROUP ENERGY STRUCTURE

Lower Energy (Mev)

.2
-2
3

4
-5
0-5
8
Y




where

AHIRZ HE a eutron flux at point R,.Z.# within energy group g

LR O F Q neutron tlux at pont R.# within energy group g obtaned from the R#

{
icuiation
F(Z.E q relative axial distnbution of neutron flux within energy group g obtained
from the R,Z calculation
6-3. NEUTRON DOSIMETRY
he passive neutron flux monitors included in the Kewaunee surveilllance program are listed in table

6-2. The tirst five react’ ,ns in table 6-2 are used as fast neutron monitors to relate neutron fluence
¢ 1.0 Mev) to rneasure matenals properties changes. To properly account for burnout of the
product isotope generated by fast neutron reactions, it 1s necessary to also determine the magni
t21cd

ide of the thermal neutron flux at the monitor location. Therefore, bare and cadmium-covered

cobalt-alumimum momtors were also included

The relative location= of the various monitors within the surveillance capsules are show:n in figure
4-2 Thewron, nickel, copper, and cobalt-alum hum monitors, in wire form, are piaced in holes
miled in spacers at several axial levels within the capsules. The cadmium-shielded negtunium and

uranmium fission i ynitors are accommaodated within the dosime.er block located near the center of

e use of passive monitors such as those listed in table 6-2 does not yield a direct measure of the
enerqy-dependent flux level at the point of interest. Rather, the activation or fission process 1s a

ea re of the integrated effect that the time- and energy-dependent neutron flux has on target
matenal over the course of the irradiation perniod. An accurate assessment of the average neutron
ux level incigent

n the vanous monitors may be denved from the activation measurements only if

the rradhiation parameters are well known. In particular, the following varniables are of interest

E ] The yperating history of the reactor

& The energy response of the monitor

kS The neutron energy spectrum at the monitor locatinn

- The physical charactenstics of the mo.«tor
I'he analysis of the passive monitors an- subsequent derivation of the average neutron flux re
juires completion of two pi o ires. First, the disintegration rate of product isotope per unit mass
f monitor must be determined. Second order to define a suitable spectrum averaged reaction
re ection, the neutrun energy spectrum at the monitor location must be calculated




TABLE 6-2

NUCLEAR PARAMETERS FOR NEUTRON FLUX MONITORS

Monitor
Material

Target
Reaction
of Interest

Weight
Fraction

Copper

iron

Nickel
Uranium-238(a)
Neptuniu n-2371a

Cobalt-Aluminum!@

Cobalt-Aluminum L Co%9n wCo(" l

Cu63(n,a)CoB0
Fe24(n oiMn54
Ni®8(n (n(,o68
U238 fics137
Np?ﬂﬁ_,, fics137
C0°9(n,y)Co80

—
06917
00585
06777
10
0.0015
0.0015

Resnonse Range

Product
Half-Life

Fission
Yield
(%)

-~y

»4.7 Mev

> 1.0 Mev

> 1.0 Mev

>0.4 Mev

>0.08 Mev
0.4eV>0015 Mev
E>00015 Mev

527 years
314 days
71.4 days
30.2 years
30.2 years
5 27 years
5 27 years

3 Denotes that momtor 18 cadrmiur

