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‘. INTRODUCTION

This report dev ribes the results of the examination of the second capsule of
the Duke Power Company's Ovonce Nuclear Station, Unit . reactor vessel surveil-
lance program, The first capsule of the preogram was resoved and exazined atter

the first vear of Operation] the results are reported in 2AW-1421. -

The oblective of the procram is to maonitor the effects of neutron irradiation
on the tensile and izpact properties of reactor pressure vessel mate-ials
un:ur 4ctual operating conditions. The surveillance program tor Oconee | wus
designed and furnished by Babcock & Wilcox as describea in BAW-10006A.- The
prograa was desiyned in accordonce with E185-66 and was planned to monitor the
eltects of neutron frradiation on the reactor vessel material for the &0-vear

design life of the ceactor pressure vessel.
-
The survetllance prograa for Oconce I was not designed in accordaice with

Appendixes G and H to 10 CFR 50 since the requirements did not exist at the
time the program was designed. Because of this difference, at the time thiw
tirst capsule was removed and specimens tested, additional tests and evalua-
tions were performed to ensure that the requirements of 10 CFR 50, Appendires
G and H were met. The recommendations for the future operation of Oconee 1
after the evaluation of the first capsule complied with these requirements.
The future operating limitations established after the evaluation of the
second survelillance capsule are also in accordance with the roquirem:nt of

10 CFR 50, Appendixes G and H. The recommended operating period was extended
from five to eight effective full power years as a result of tiw second cap~

sule evaluation.
: ¢
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2. BACKGROUND

The ability of the reactor pressure vessel to resist fracture is the prizary
factor in ensuring the satety of the primary system in lignt water conled 1e-
wtors.  The beltline region of the reactor vessel {s the =ost critica’ region
of the vessel because (r is exposed to neutron irradiativn. The general et~
fects of tast neutron irradiation on the mecharical properties of such low-
alloy ferritic steels as 5A302B, Code Case 1339, used in the faorication of
e Oconee | reactor vessel are well characterized and documented in the litera-
ture. The low-allov ferritic steels used in the peltline region of r1eactor
vessels exhibit an increase in ultimate and vield strength properties with a
corresponding decrease in ductility a‘ter irradiation. In reactor pressurce
vessel steels, the most serfous mechanical property change is the increase in
temperature for the transition from brittle to ductile fracture accompanied

by a reduction In the upper shelf impact streng:h.

Appendix G to 10 CFR 50, "Fracture Toughness Requirements,” specifies minimum
fracture toughness requirements for the ferritic materials of the pressure~
retaining components of the reactor coolant precsure boundary (RCPB) of water-
cooled power reactors and provides specific guidelines for determining the
pressure~temperature lia tations on operation of the RCPB. The toughness and
operational requirements re specified to provide adequate safety margins
during any condition of normal operation, including anticipated operational
occurrences and system hydrostatic tests, to which the pressure boundary may
be subjected over its service lifetime. Although the requirements of Appendix
G to 10 CFR 50 became effective on August 13, 1973, the requirements are ap-
plicable to all bo‘ling and prersurized water-cooled nuclear power reactors,

including those under construction or in operation on the effective date.

Appendix H to 10 CFR 50, "Reactor Vessel Materfals Surveillance Program Re-
quirements,” defines the material surveillance program required to monitor
changes i{n the fracture toughness properties of ferritic materials in the re-

actor vessel beltline region of water-cooled reactors resulting from exposure

2-1 Babcock & Wilcox



to neutron irradiation and the thermal environment. Fracture toughness test
data are obtained from material specimens withdrawn periodically from the re-
actor vessel. These data will permit determination of the conditions under
which the vessel can be operated with adequate safety mirpins against fracture

throughout 1ts service life.

A method for guarding against Srittle fracture {. reactor pressure vessels is
described in Appendix G to the ASME Boiler and Pressure Lessel Code, Section
IT1. This method utilizes fracture mechanics concepts and the reference nil-
ductility temperature, RTN?T' which is defined as the greater o/ the crop
welght nil=ductility transition teaperature (per as™ E-l0B) or the tempera-
ture that is 60F below that at which the material exhibizs 50 ft- 15 and 35
mils lateral expansion. The RTNDT of a given material is used to index that
material to a referonce stress intensity factor curve (l(”.l curve), which ap~-
pears in Appendix G of ASME Section I1I1. The Kll curve i{s a lower bound of
dynamic, static, and crack arrest fracture toughness results obtained from
several heats of pressure vesscl steel. When a Blven material {s indexed to

the K curve, allowable stress intensity factors can be obtained for this ma-

‘IR
terial as a function of temperature. Allowable operating limits can then be

determined using these allowable stress intensity factors.

T KTNDT and, 1in turn, the operating limits of a nuclear power plant, can be
idjusted to account for the effects of radiation on the properties of the re-
tor vessel materials. The radiation embrittlement and the resultant changes
in mechanical prepercles of a given pressure vessel steel can be monitored by
sutveillance program in which a surveillance capsule containing prepared speci-
mens of the reactor vessel materials is periodically removed from the operating
nuclear reactor and the specimens tested. The increase in the Charpy V-notch
50-ft-1b temperature, or the increase in the 35 mils of lateral expansion tes—
perature, whichever results in the larger temperature shift due to irradiation,
{5 added to the original “ND‘I‘ to adjust it for radiation embrittlement. This
adjusted RTHDT is used to index the material to the ‘Il curve, which, in turn
Is used to set operating limits for the nuclear power plant. These new limits

take into account the effects of irradiation on the reactor vessel materials.

2-2 Babcock & Wilcor




3 s PRVETLLANCE PROGRSM DESCRIPTION

The survelllance program for O onee | COBPrises el1ght sur cillance capsules de-
Stdavd to monitor the offects of neutron and thermal environment un the mate-
rials of the reactor pressure vessel core recion. The capsules, which were
inserted into tiw reactor vessel betore initial plant startup, were positioned
inside the resitor vessel boetween the thermal shield and the vessel wall at

the lovations stown (in Figure 3=1. Six of the capsules, placed two in coch
wiider tube, are positioned near the peak axial and azimuthal neutron flux.

Tw remaining teo capsules are thermal aging capsules and are placed in an

rear of essentially zero neutron flux. BAW-10006A includes a full description

I ocapsule locations and design. !}

Capsule OCT=E was removed during the second refueling shutdown of Oconee 1.
This capsule contained Charpy Venotch impact and tensile specimens tabricated
of SAZ, Gr ™ Mudifled Steel, weld metal and correlation steel. The spec inen
contalned in tne capsule are described in Table 3-1, und the chemistry and heat
treatmaent of the survetllance materfal in capsule OCI-E are described in Tuble

$ud

-

The capsule also contained longitudinal Charpy V-notch spccimens from correla-
tion material obtained from plate 02 of the USAEC Heavy Section Steel Technol-
oRY Program. This 12-inch-thick plate of ASTM 533, Grade B. Clas+ 1 steel was
produced by the Luken St.el Company (hear A-1195-1) and heat-treated by Combus-
tion Enginecering. The chemistry and heat treatment of the correlation material

are described in Table 3-3.

All test specimens were machined from the 1/4=thickness locatica of the plates.
Charpy V-notch and tensile Specimens from the vessel material were oriented
with their longitudinal axes parallel to the principal rollfng direction of the
plate; the specimens were aiso oriented transverse to the principal rolling
direction. Capsule OCI-E contained dosimeter wires, described as follows:

3-1 Babcock & Wilcox




ihermal

capsule.

sonitors of

Dosineter wi re

U'=-Al

alloy

Sp=Al alloy

Nickel
J.hnl
0,nk

Fe

.1 1 10
902 Pb, S Ag,
7.5 b, 2.%2
97.5% Ph, 1.52
Lead
Cadnium
Table 3-1.

Co=Al alloy
Co=Al alloy

Cd-Ag allov
Cd=-Ag allov
Cd-Ag allow
cd

None

None

Sn

1.02 Sn

Melting point, ¥

558
550
588
621
610

low-melting cutectic alloys were included in the

The vutectic allovs and their melting points are as tolliows:

Specimens in Surveillance Capsule OCL-E

__Mater‘al description

No. of specimens

Tensile

weld metal, WF-112

Heat-affected zone (HAZ)

Heat A — C3265-1 (longitud.)
Baseline material

Heat A — C3265-1 ,(longitud.)
Heat A — C3265-1 (transverse)

Correlation HSST plate 02
Total per capsule

3-2

B

1=

.,O L=

Charpy
3

@

Ian &~ o

36
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Table 3-3. Chemistry and Heat Treatment of Correlation
Material — Heat A-1195-1, A533 Grade B,
_Class 1 (HSST Plate 02)

Chemical Analysis (1/4T)(®)

Element Wt 2
c 0.23
Mn 1.39
P 0.013
S 0.013
Si 0.21
Ni 0.64
Mo 0.50
Cu 0.17

Heat Treatment

1 Normalized at 1675F + 75k.

2. 1600F ¢+ 75F for 4 h/water-quenched.
3. 1225F + 25F for 4 h/furnace-cooled.
4. 1125F * 25F for 40 h/furnace-cooled.

(@) orNL-4463.
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Tall: 3-2. Chemistry and Heat Treatment
! Survefllance Materials

Chemical Analvsis

& Heat wecld metal
Llement €-3265~1 _WF=-112
C 6.21 0.075
Mn l.42 1:50
P 0.015 0.016
S 0 0's 0.0046
Si 2.23 U.£0
N 0.5%0 0.58
M .49 0.31
Cu 0.13 0.32
Heat Treatment
Heat Temp, Tine,
_ No. _ R s h Coo’ing
C=32h5-1 1600=-1650 9.75 drine quench
1200-1225 9.5 8rine quench
1100-1150 40.0 Furnace cooled
wF=112 11C0-1150 31.0 Furnac» cooled

3-3 Babcock & Wilcox



Figure 3-1. Reactor Vessel Cross Sectiom Shoawing

Surveillance Capsule Locatiuns

Surveiilance Capsule Holder
Tubes — Capsules oCI-C,
0Cl-D

Surveillance Capsule
Holder Tubes — Cap-
sules OCI-A, OCI-B

Surveillance Capsule

Holde: Tube — Capsules z
OCI-E, oCI-F, OCI-Gx, =,
OCI-H#

*Thermal aging capsules.
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4. PREIRRADIATION TESTS

Unirradiated material was evaluated for two purposes: (1) to establish a
baseline of data to which irradiated properties data could be referenced, and
(2) to determine those materials properties to the extent practical from avail-
able material, as required for compliance with Appendixes G and H to 10 CFR 50.
4.1.  Tensile Tests

Tensile specimens were tabricated from the reactor vessel shell course plate
and weld metal. The subsize specimens were 4.25 inches long with a reduced
section 1.750 inches long by 0.357 inch in diameter. They were tested on a
20,000~1b-1oad capacity universal test machine at a crosshead speed of 0.005
inch per minute. Test conditions were i{n accordance with the applicable re-~
quirements of ASTM A370-72. For each material type and/cr condition, six
specimens in groups of t ee were tested at both room temperature and 600F,

An LVDT-type clamp-end screw-on extensometer was used to determine the 0.22
yield point. The tension-compression load cell used had a certified accuracy
of better than * 0.52 of full scale (10,000 1b). All test data for the pre-

irradiation tensile specimens are given in Appendix B.

4.2. Impact Tests

Charpy V-notch impact tests were conducted in accordance with the reqguirements
of ASTM Stundard Methods A370-72 and E23-72 on a remote controlled impact test-
er certificd to meet Watertown standards. Test specimens were of the Charpy
V-notch type, which are 0.394 inch square and 2.165 inches long.

Prior to testing, specimens were temperature-conditioned in a combination re-
sistance-heated/carben dioxide-cooled chamber, designed to cover the tempera-
ture range from -85 to +550F. The specimen support arm, which is linked to

the pneumatic transfer mechanism, is instrumented with a coutacting thermo-
couple allowiny instantaneous speciren temperature determinations. Specimens
were transferrcd from the condition..4 chamber to rhe test frame anvil and pre-

cisely pretest-positioned with a fully automated, remocely controlled apparatus.
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Trausfer times were less than 3 seconds and repeat within 0.1 second. Once
the specimen was positionad, the electronic irterlock cpened, and the pendulus
was rcieased from its preset drop height. After failing, the specimen, the
hammer perduium was slowed on its return stroke and raiscd back to its start
position. Impacr test data for the unirradiated baseline reference materials
are presented in Appendix C.. Tables C-1 through C-5 contain the basis data
which are plotted in Figures C-1 through C-5.
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5. POSTIKKADIATION TESTS

>.1. Ther=mal Monitors

Surveillaace capsule OCL-E contained three temperature monitor holder tubes,
cach containing five fusible allovs with different melting points ranging from
558 to 621F. All the thermal monitors at 558, 580, and 588F had melted, while
these at 610 and 621F remained in their original configuration as initially
placed in the capsule. From these data it was concluded that the irradiated
specimens had been exposed to a maximum temperature in the range of 388 to
less than 610F during the reactor vessel operating period. There appeared to

be no significant temperature gradient along the capsule length.

5.2. Chemical Analysis

The unirradiated base metal (Heat 3265-1) and the weld metal (WF-112) were
analyzed for nickel, copper, phosphorus and sulfur contents to verify original
mill test report data. The results from chemical analyses are reported in

Table 5-1.

5.3. Tensile Test Results

The results of the postirradiation tensile tests are presented in Table 5-2.
Tests were performed on specimens at both room temperature and 580F using the
same test procedures and techniques used to test the unirradiated specimens
(secticn 4.1). 1In general, the ultimate yield strength of the material increased
slightly with a corresponding slight decrease in ductility; both effects were

the result of neutron radiation damage. The type of behavior observed and the
degree to which the material properties changed is within the range of changes

to be expected for the radiation environment to which the specimens were ex-

posed.

The results of the preirradiation tensile tests are presented in Appendix B.
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5.4. Charpy V-Notch Impact Test Results

The test results from the irradiated Charpy V-notch specimens of the reactor
vessel beltline material aud tre correlation monitor material are presented

in Tables 53 and 5-4 and Figures 5-1 through 5-5. The test procedures and
techniques were the same as thuse used to test the unirradiated specimens
(section 4.2). The data show that the material exhibited a sensitivity to ir-
radiation within the values predicted from its chemical composition and the

fluence to which it was exposed.

The results of the preirradiation Charpy V-notch impact test are ngen in Ap-
pendix C.

Table 5-1. Chemistry Data on Unirradiated Oconee 1 RVSP Material

Composition, wt 2

Material type/

heat No. Ni Cu P S
Base metal/C-3265-1 0.52 0.17 0.007 0.027
Weld metal/WF-1!2 0.59 0.32 0.016 0.016

52 Babcock & Wilcox



Table 5-2. Tensile Properties of Capsule OCI-E Base Metal
and Weld Metal Irradiated to 1.5 = 10'% pue

Tane Strength, psi Elongation, %
Specicen temp, Yield Ule. Uniform Total(‘) Red'n of
ID No. 13 (YS) {UTS) (UE) (TE) area, -

Base Metal — Heat C-3265-1, Longitudinal

AAE 704 RT 67,430 89,510 10.97 22.06 68. 3
AAE 721 RT 67,430 87,910 10.51 21.60 69.8
Mean, x 67,430 88,710 10.74 21.83 69,064
Std dev'n, 6 0 800 2.23 0.23 0.75
AAE 708 580 61,440 88,810 13.35 26.13 67.4
AAE 730 580 61,440 89,910 10.84 21.40 59.8
Mean, x 61,440 89,360 12.35 23.77 68.6
Std dev'n, 6 0 550 1.505 2.365 1.2

Weld Metal — WF=-112

AAE 109 RT 77,920 93,910 12.82 24.66 56.3
AAE 120 RT 79,920 95,710 12.32 23.04 57.1
Mean, x 78,920 94,810 12.57 23.85 36.7
Std dev'n, 6 1,000 900 0.25 0.81 0.4
AAE 110 580 69,930 91,860 10.12 16.2 4.1
AAE 126 580 69,930 92,410 9.49 15.73 45.7
Mean, x 69,930 92,1135 9.81 15.97 4.9
Std dev'n, 6 0 275 0.315 0.235 0.8
(a)

TE values calculated from chart record.
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Table 5-3. Charpy Impact Data for Capsule OCI-E Base Metal

M Irradiaced to 1.5 = 10'® nve
Test Abs Lateral Shear

Specimen temp, energy, expans, fracture,

1D No. F fe-1b 10? in. 4

Heat C-3.65-1, Longitudinal

AAE 708 325 139 7.3 100
730 201 131.5 66 100
721 120 110 70.5 55
746 106 92 65 p
709 92 72 57 18
723 73 52 41 8
706 70 66 52 15
753 63 44 36 “

Heat C-3265-1, Transverse

AAE 611 203 107 69 100
610 147 74 56 75
630 97 S0 40 12
613 79 L4 37.5 8

HAZ — Heat C-3265-1, Longitudinal

AAE 403 318 86 67 100
423 199 83 54.5 100
439 120 65 54 92
436 100 74 54 85
418 63 70 45 75
452 27 67 46 25
435 13 39 29 20
420 -21 36 26 10

S Babcock & Wilcox



Table 5-4. Charpy Impact Data for Capsule OCI-E Weld Metal (WF-112)

Irradiated to 1.5 = 10!% nyt

Test Abs Lateral Siiear
Specimen temp, energy, expans, firacture,
ID No. F fr-1b 103 in. 4
AAE 059 315 55 49.5 100
03?7 198 2.5 45.5 96
003 170 36 35.5 5°
041 170 44 34 50
044 152 52 49.5 85
048 121 42 30 35
058 89 33 29.5 12
056 62 27 22.5 8
Table 5-5. Charpy Impact Data for Capsule OCI-E Correlation
e Monitor Material Irradiated to 1.5 = 10! pye
Test Abs Lateral Shear
Srecimen temp, energy, expans, fracture,
1D No. F fr-1b 107 in. 2
AAE 929 428 104 73.5 100
935 321 111 71 100
966 260 98 69 95
964 197 78 52 65
908 154 57 42.5 30
927 120 50 39 30
971 99 36 30 6
967 62 28 22.5 2
Babcock & Wilcox
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6. NEUTRON DOSIMETRY

6.1. Introduction

A significant aspect of the surveillance program is tc¢ nrovide a correlation
between the neutron fluence above 1 MeV and the radiation-induced property
changes noted in the surveillance specimen. To permit such a correlation,
activation detectors with reaction thresholds in the en2rgy range of interest
were placed in each surveillance capsule. The properties of interest for the

detectors are given in Table 6-1.

Because of a long half life of 30 years and an effective energy range of 0.5
YeV or greater, only the measurements of 137¢s production from fission reac-
tions in “?/Np (and possibly 238y) are directly applicable to sralytical de-
terminations of fast neutron (E > 1 MeV) fluence over cycles 1 and 2. The
other dosimeters are useful as corroborating data for shorter time intervals
and/or higher energy fluxes. Comparisons of measured data (cycles 1 and 2) to
calculated results reaquire the use of calculated data previously reported for

cycle 1 to augment the cycle 2 analysis presented here.

The energy-dependent nevtron flux is not directly available from the activa-
tion detectors because the process provides the integrated effect of the neu-
tron flux on the target material as a function of both irradiation time and
feutron energy. To obtain an accurate estimate of the average neutron flu-
incident upon the detector, the following parameters must be known: (1) the
operatinrg history of the reactor, (2) the energy response of the given detec-
tor, and (3) the neutron spectrum at the detector location. Of these param-
eters the definition of the neutron spectrum is the most difficult to obtain.
Essentially, the two means available for obtaining the spectrum are iterative
unfolding of experimental foil data and analytical methods. ™ue to a lack of
sufficient threshold foil detectors satisfying both the threshold energy and
the half-life requirements necessary for a surveillance program, iterative un-
tolding could not be used; this leaves the specification of the neutron spectrum
to the analytical method.
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6.2. Analytical Approach

Energy-dependent neutror fluxes seen by the detector were determined bv . dis-
trete ordinate solution of the Boltzmann transport equaticn. Specificallv,
ANISN®, a one-dimensional code, and DOT*, a two-dimensicnal code, were used to
calculate the flux at the detector position. 1n both codes the Oconee svstem
was radially modeled from the core*out to the air gap outside the pressure
vessel. The model included the core with a time-aseraged radial power distri-
bution, core liner, barrel, thermal shield, pressure vessel, and water regions.
Including the internal components enables the analytical method to account for
the agistortions of the required energy spectrum by attenuation in these com-
penents.  The ANISN code used the CASK®, 22-group neutron cross sectional set
with an Sg order of angular quadrature and a P3 expansion of the scattering
matrix. The problem was run along a radius across the core flats. Azimuthal
variations were obtained with a DOT r-theta c:lculation that modeled one-eighth
of a plan view of the core and included a pin-by-pin, time-averaged power dis-
tribution. The DOT calculation used S¢ quadrature and a P, cross section set

derived from CASK.

Fluxes calculated with this DOT model must be adjusted to accourt for the lack
of Py cross-sectional detail in calculations of anisotropic scattering, a per-
turbation caused by the presence of the capsule, and the axial power distribu-
tion. The first two items are both energy- and position-dependent. .. P3P,
correction factor was obtained by comparing two ANISN 1-D model calculatioms
in which only the order of scatiering was varied. The capsule perturbaciom
factor was obtained from a comparison of two DOT x~y model calculations — one
with a capsule explicitly modeled with $S304 cladding, Al filler regior, «nd
carbon steel specimens and the other with water in those regions. The effect
of axial power distribution was determined from a previous DOT r z mode! using
an esitimated average (axial) over three fuel cycles. The net results from
these paraweter studies was a flux adjustment factor K (Table 6-2), which
should be applicable to the appropriate dosimeters in all 177-FA surveillance
programs in which the capsules are located at a radius of 211 centimeters frum

the core center and at 11* from a majc v axis.

The calculation described above provides the neutron flux as a function of
energy at the detector position. These calculated data are used in the fol-
lowing equations to obtain the calculated activities used for comparison with

the oxperimental values. The basic equation® for the activity D (in uCi/g) is

62 Babcock & Wilcox
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-+ (T=1
Sl (6-1)

M =it
CN - ")
ST .. S ¥ -
v A 3.7 = 10+ f i Ip(E)0(E) 55, FJ“ " "

i € = wormalizing constant (ratio of measured to calculated flux),

N = Avagadro's number,
An = atomic weight of target materfzl n,

f. = either weight fraction of target isotope in nth material
or fission yield of desired isotope,

group-averaged cross sections for material n (listed in
Table D-4),

(E) = group-averaged fiuxes calculated by DOT analysis,

a
=
-
m
~
"

F. = fraction of full power during jth time interval t’.
t. = decay constant of ith material,
t. = interval of power history,

j
T = sum of total irradiation time, f.e., residual time in
reactor and wait time tetween reactor shutdown and counting,

T, = cumulative time from reactor Startup to end of jth time
period, {.e.,

The normalizing constant C can be obtaiaed by equating the right side of equa-
tion 6-1 to the measured activity. With C specified the neutron fluence greater

than 1 MeV can be calculated from

15 Mev M
$E > 1.OMeV) =C ] e(E) ] Fe (6-2)
£l jm 1

where M is the number of frradiat: .o time intervals; the other values are de-

fined above.

6.3. Results

— ——

Calculated activities are compared to measurements of the dosimeters in Table
6-3. The ''7Cs data show that fast flux (E > 1 MeV) is somewhat underpredicted
(10%) by the analytical model described (if one assumes that the calculated
flux spectrum is correct). Such an agreement is probably within the uncertain-
ty limits of this analysis. However, for conservatism a flux normalization
factor of 1.1 is recommended for fast neutron calculations near the pressure
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vessel. The '93Ry activities (because of a short half-li.e) are indicative
of the validity of the analytical model representation of the latter part of
cyele 2. *“Mn and 57Co activities show an overprediction (“252) of 2 MeV or
greater flux bv the analytical model. The significance of these results to
the fast flux calculation is somewhat lessened since approximately 40% of the
Reutrons with E greater than | MeV are in the 1 to 2 MeV range (Table 6~4).
ihe possibility exists that an inherent overprediction of flux occurs in the
malveival model and that measurements of activities from fission wires are
high. It is also possible that the core leakage flux over the latter part of
«vele 2 was less than ‘e average for all of cycle 2; this could account for
€ being less than one since calculated data are based on an average leakage
flux and measured data for short-lived isotopes are based on the latter part
of the cvele. Future surveillance capsule data should clarify this Supposi-

tion.

The agreement between C values for long-lived and short-1ived dosimeters in-
dicates that the fission dosimeter rnormalization constant reported in reference
4 is in error and lends credence to the sugge .ted occurrence of incorrect ac-
Livity measurements after cycle 1. Therefore, cycle 1 fast fluxes have been
recaleulated with a 1.1 normalizing constant and are presented with cycle 2
data in Table 6-5. Average fast flux over cycles 1 and 2 wvas extrapolated to

A 40-year lif>time with a 0.8 use factor to obtain J[luence at the pressure
vessel wall of 1.7 » 10'? n/em? (2568 MWt); this can be compared to a predicted
value of 2.9 « 10'* n/em? (based on an estimated power distribution over “hree
cycles) reported in reference 7 for a reactor at 2772 Mut. An average lead
factor of 1.7 differs from a predicted value? of 1.4 primarily because of flux
pertubation due to the presence of the capsule (a factor not ‘reviously con-

sidered).

An extension of the flux rauge down to 0.1 MeV was calculated based on the

Same normalization factor (1.1) being applicable. Since no dosimeter reactions
cover that range, additional uncertainty is introduced into the results. The
data, which are included in Table 6~5, indicate that fluences are essentially
doubled when the energy range is exten ed from 1 to 0.1 MeVv.

6-4 Babcock & Wilcox
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Table 6-1. Surveillance Capsule Detectors

Threshold isotope

Detector reaction energy, MeV half-11ife
““Fe(n,p)“Mn 2.0 303 days
“*Ni(n,p)*"Co 2.5 71.3 days
3% (n, 1) VCs 1.5 30 years
“*Tap(n, ) 7cs 0.5 30 years
2% (n,£)' 'R 1.5 39.5 days
2% (0, 1) % Ry 0.5 39.5 days

Table 6-2. Flux Adjustment Factor

Energy Axial power P./P Capoult
range, “MeV _factor 11 perturb’'n .
*0.1 1.1 1.22 1.40 1.88
>1 1.1 1.23 1.20 1.62
»2 1.1 1.24 1.04 1.42
>2.5 1.1 1.25 0.96 1.32
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Table 6-3. Dosimeter Activations After Cycle 2

(b)

A B - Calculated activity 2 -Ci/g
C= A/B
measured (a)
activity, - cycles 1 and 2 normalization
. Reaction pCi/g Cycle 2 Cycle 1 decayed(c) constant
““Fel(n,p)““Ma 536.5 595.9 397 729.13 0.74
“Ni(n,p)*%co 975.3 1295.5 685 1266 0.77
P0n, 1) Ycs 1.943 1.100 0.638 1.719 1.13
“Mo(n, ) Yes 9.32 5.709 3.19 8.799 1.06
TUin,f) gy 52.65 53.18 23.4 53.19 0.49
Nptn, 1) 19 'Ry 254.3 246.6 106 246.6 1.03

(a)
(b)

Average of four dosimeter wires from Table D-3.

Values from reference 2 were multiplied by 1.1 to account for axial power
distribution (not included). *“Mn and %Co values vere converted to grams
of target (reference 1 values were per gram of dosimeter).

c)Cycle 1 values were decayed over the time interval from the end of cycle
] to the end of cycle 2 and then added to cycle 2.

-\1C
D|") - D: + Dle

6-6 Babcock & Wilcox



Table 6~4.

Normalized Flux Spectra, E > 1 MgV

Energy range, In water near 235y
—MeV L pressure vessel wall fission
12.2 - 15.0 0.0015 0.0002
10.0 - 12.2 0.0063 0.0013
8.18 - 10.0 0.0181 0.0052
6.36 - B.18 0.0499 0.021
4.96 - 6.36 0.0906 0.051
4.06 - 4.96 0.0784 0.052
3.01 - 4.06 0.1159 0.159
. 2.46 - 3,01 0.1200 0.132
2.35 - 2.46 0.0389 0.034
1.3 = 2.35 0.1506 0.178
1.11 - 1.83 0.2832 0.323
1.0 - 1.11 0.0466 0.04¢ s
Total 1.000 1.000
Table 6-5. Fast Neutron Fluence
Cycle 1 Cycle 2 Cycles 1 and 2 Lifetime "
309.3 days 291.2 davs 600.5 davs 32 vears
Capsule Center
Fast flux (E » 1 MeV) 2.13 + 10 3.76 + 10 -— -
Nvt (E > 1 Me\) 3.7 + 17 %53+ 12 1.5 + 18 2.9 + 19
Flux (E > 0.1 MeV) 4.27 + 10 7.53 + 10
Nvt (E > 0.1 MeV) 1.1 + 18 1.9+ 18 3.0 + 18 5.9 + 19
Pressure Vessel Wall
Fast Flux (E » 1 MEV) 1.37 + 10 2.08 + 10 -— -
Nvt (E > 1 Mev) 3.7 ¢+ 17 5.2 + 17 8.9 + 17 1.7 + 19
Flux (E > 0.1 MeV) 2.78 + 10 4.22 + 10
Nve (E > 0.1 MeV) 7.4 +17 1.1 + 18 1.8 + 18 3.5 + 19
(.)txtrapolatlon of average flux in cycles 1 and 2.
Babcock & Wilcox



Table £-6. Predicted Fast Fluence in Prcssure

Vessel for 10 EFpy(a

Inside Outside

wall T/4 3 T/4 wall
Average fast flux, n/cm’-s 1.8 + 10 1.0 + 10 2.4 + 9 1.0 + 9
Fast fluence n/cm? 5.7 + 18 3.2 + 18 2.6 7 3.2 %17

(

J)These data ar - based on the hypothesis that pressure vessel fluence is

proportional .o calculated average core leakage fluxes .or cycles 3 and

“ tombined with specimen analyses for cycles 1 and 2.

cyvcles were assumed to be the same as cycle 4.
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7. DISCUSSION OF CAPSULE RESULTS

I.1. Pre irradiation Property Data

A review of the unirradiated properties of the reactor vessel core belt region
indicated no sigaificant deviation froe expected properties except in the case
0f the upper shelf properties of the we d metal. Based on the predicted end-
ot=service peak neutron fluence value 2: the 1/4T vessel wall location and

the copper content of this weld, it is predicted that the end-of-service Charpy
upper snelf energy (USE) will be below 50 fr-Ib. This weld was selected for
inciusion in the survelllance prograa in accordance with the criteria in effect
at the time the program was designed for Oconee 1. The applicable selection

criterion was based on the unirradiated properties only.

7.2. _Arradiated Property Dats
,_.._J'_L‘_n}'{ l_v_ Pre pertivs

Table 7-1 compares irradiated and unirradiated tensile properties. At both
room temperature and elevated temperature, the ultimate and vield strength
changes in the base metal as a result of irradiation and the cerresponding
changes in ductility are negligible. There appears to be some strengtnhening,
4s Indicared by increases in ultimate and yield strength and similar decreases
in ductility properties. All changes sbserved in the base metal are so small

4% to be considered within experimental error. The changes at both room tem-

observed for the base metal, indicating a greater sensitivity of the weld metal
to irradiation damage. In either case, the changes in tensile properties are

l
perature and 580F in the properties of (he weld metal are greater than those
|
|
insignificant relative to the ana'ysis of the reactor vessel materials at this

period in service life.

7.2.2. Impact Properties

The behavior of the Charpy V-notch impact data i{s more significant to the cal-

culation of the reactor system's operating limitations. Table 7-2 compares
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the observed changes in irradiated Charpy impact properties with the predicted

hanges as shown in Figures 7-1 through 7-5.

fhe S0-fr=1b transition temperature shift for the weld metsl and the base metal
“ds dn jood agreement with the shift that would be predicted according to Regu-
latory Cuilde 1.99. A simflar comparison of the shift of the correlation moni-
tor material shows good agresment. The less-than-ideal comparison may be at-
tributed to the spread in the data of the unirradiated material cosbined with

¢ minimum ot data points to establish the irradiated curve. Under these con-
fitions, the comparisun indicates that the estimating curves in RC 1.99 for
medium=copper materials and at mediua fluence levels are reasonably accurate
tor predicting the 50-ft=-1b trausition temperature shifts. The estimating
vurves for high=copper material at medium fluence levels are also in rood

durcement with the observed data.

The increase in the 35-mil lateral expansion traasition temperature is com
pared with the shife in RTNDT curve data in a manner similar to the comparison
fade Tor the 50-ft-1b transition temperature shift. These data show a behav-
lor similar to that observed from the comparison of the ubserved and predicted

0=ft=1b transition data.

The data for the decrease in Charpy USE with irradiation showed a poor agree-
ment with predicted values for both the base matals and the weld metal. How-
¢vver, the weld metal data compares well with the predicted value in view of
the lack of data for high-copper-content weldments at low to medium tluence

vialues that were used to develop the 2stimating curves.

The krNDT shifts shown are in good agreement with those predicted trom Regula-
tory Guide 1.99 at the tluence level of this capsule. This good agreement is
probably attributable to two factors. First, the fluence level is approaching
that for which the bulk of the data used to generate the prediction curves was
located. Second, the re-analysis of the chemical composition of the irradiated
materials gives a mcie reliable value for comparison of cbserved versus pre-

dicted values.

Results from otner capsules indicate that the .TNDT estimating curves have
greater inaccuracies at the very low neutron fluence levels (<1 = 10'® n/cm?).
This inaccuracy is attributed to the limited data at the low fluence values
and of the fact that the majority of the data used to define the curves in

RG 1.99 are based on the shift at 30 ft-1b as “ompared to the current
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requirezcr® ot 50 fe~1b. For most asterials the shifts measured at 50 fe-'=,
I3 MLE are expected to be higher ‘'.un those measured at 30 ft-1b. The sig-if-
ince of the shifts .* S0 ft-1b and/ . 35 MLL is not well understood at pres-
«nt, especially for materials having USEs that approach the 50 ft-ib level
ind/or the 35 MLE level. ~:1als with this characteristic may have to be

evalvated at transiticn energy levels lower than 50 fe~1h.

Me design curves for predicting the shift at 50 fe~-1b/ 35 MLE will probably pe
mdified as data become available; until that time, the design curves for pre-
dicting the RTNDT shift as given in Regulatory Guide 1.99 are considered sde-
Guate for predicting the RTNDT shift of those materials for which data are o
wvailable and will continue to be used to establish the pressure=tenperature

“rerational limitations for the irradiated portions of the reactor vessel.

Tee lack of good agreement of the change in Charpy JUSE is turther support ot
the inaccuracy of the prediction curves at the ilower fluence levels., Althfu4n
the prediction curves are conservative in that they predict a larger drop in
upper shelf than is observed for a riven fluence and copper content, the con=-
servatisa can unduly restrict the vperational limitations. These data support
thw contention that the USE drop curves will have to be modificd as more re-
ltable data become available; until that time the design curves used to predice

the decrease in USE are conservative.
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Table 7-!. Comparison of Tensile Test Results

Base Metal - C-3265-1, longitudinal

Fluence, 10°7 a/ca" (- | MeV)
Ult. tensile strength, ksi
0.2 vield strength, ksi
Flongation, 2

RA, X

Woeld Metal - WF=112

Fluence, 1007 n/ea (- 1 MeV)
Llt., tensile strength, ksi
0.2% vield strength, ksi

Flongation, I

RA,

(a)

Room temp t: st

Elevated temp lcst(‘

Unirr Irrad
0 1%
86.1 88.7
64.3 67.4
26.5 21.8
68.0 69.0
0 | %
80.5 94.8
63.3 78.9
30.9 23.8
63.0 56.7

500F

0
LR
S8.0
273
70.0

80.8
56.4
24.4
61.0

3%uF

1.3
89.3
hi.4

63.6

.5
92.1
63.9
15.9

4e.9

The differences in test temperatures are the result of the unirradiated

specimens being tested before removal and evaluation of the capsule

thermal monltors.
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Table 7-2. Observed Vs Predict d Changes in
Charzy, lzpace Pr perties

Matertsl

In ase in 50-ft-1b trans temp, ¥

Base material (C-3265-1)
Longitudinal
Transverse

Heat-2€fected zone (C-3265~1)
held metal (WF-12)

torrelation material 2 1195-1)

‘rcrease in 35-MLE trans temp, F

Base material (C-3265-1)
lonzitudinal
Transverse

Heat-aifected zone (C-3265-1)
Weld metal (WF=112)
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8. DETERMINATION OF RCPB PRESSURE-
TEMPERATURE LIMITS

The pressure-tesperature limits of the reactor coolant pressure boundary (RCPB)
of Oconee 1 have been established in accordance with the requirements of 10 CFR
50, Appendix G. The methods and criteria employed to establish operating pres-
sure and temperature limits are described in topical report BAW-10046.% The
objective of these limits is to prevent nonduztile faflure duriag any normal
“perating condition, including anticipated operation occurrences and system hy-

drostatic tests. The loading conditions of interest include the following:

1. Normal operations, including heatup and cooldown.
2. Inservice leak and hydrostatic tests.

3. Reactor core operation.

The major components of the RCPB have been analyzed in accordance with 10 CFR
50, Appendix G. The closure head region, the reactor vessel ocutlet nozzle,

and the beltline region have been identified as the only regions of the reactor
vessel, and consequently of the RCPB, that regulate the pressure-temperature
limits. Since the closure head region is significantly stressed at relacively
low temperatures (due to mechanical loads resulting from bolt preload), this
region largely controls the pPressure-temperature limits of the first several
service perlods. The reactor vessel outlet nozzle also affects the pressure~
temperature limit curves of the first several service periods. This is due to
the high local stresses at the inside corner of the nozzle, which can be two

to three times the membrane stresses of the shell. After the first several
years of neutron radtation exposure, the RTypr of the beltline region materials
will be high erough that the beltline region of the reactor vessel will start
to control the Pressure-temperature limits of the RCPE. For the service period
for which the limit curves are established, the maximum allowable pressure as

a function of fluid temperature i{s obtained through 2 point-by-point comparison
of the limits imposed by the closure head region, the outlet nozzle, and the
beltline region. The maximum allowable pressure is taken to be the lowest of
the three calculated pressures.

8-1 Babcock & Wilcox



The vighth full-power vear was selected because the estimated third surveil-

lance capsule will be withdrawn at the end of the refueling cycle when the
fluenc  corresponds to approximately the ninth full-power vear. The time dif-
ferenve between the witidrawal of the second and third surveillance capsule
provides adequate time tor re-establishing the operating pressure and tempera-
ture lizits for the period of operation bctween the third and fourth surveil-

lance capsule withdrawals.

The limit curves for Oconee 1 are based on the predi.ted values of the adjusted
reference temperatures of all the beltline region materials at the end of the
sixth tull-power vear. The unirradiated impact propertics were determined for
the surveillance beitline region materials in accordance with 10 CFR 50, Ap~-
pendixes G and H. For the other beltline region and RCPB materials, the un-
irradiated impact properties were estimated using the methods described in
BAW=10055P."  The unirradiated impact properties and residual elements of the
beltline region materials are listed in Table A-1. The adjusted reference
temperatures are calculated by adding the predicted radiation-induced :RTNDT

The predicted ART, is calculated using the

'nd the unirradiated RTNDT' NDT
respective neutron fluence and copper and phosphorous contents. Figure 8-1
iilustrates the calculated peak .eutron fluence at several locarions through
the reactor vessel beltline region wall and at the center of the surveillance
capsules as a function of exposure time. The supporting information for Figure
#-1 is described in BAW-10100.? The neutron fluence values of Figure 8-1 are
the predicted fluences, which have been demonstrated (section 6) to be conser-
vative. The design curves of Regulatory Guide 1.99* were used to predict the
radiation-1induced ARTSDT values as a function of the material's copper and

phosphorus content and neutron fluence.

The neutron fluences and adjusted .TNDT values of the beltline region materials
at the end of the sixth full-power year are listed in Table 8-1. The neutron
fluences and adjusted.!TNnT values are given for the 1/4T and 3/4T vessel wall
locations (T = wall thickness). The assumed .THDT of the closure head region
and . he outlet nozzle steel forgings is 60F, in accordance with BAW-10046P.°%

Figure 8-2 shows the reactor vessel's pressure-temperature limit curve for
normal heatup. This figure also shows the core criticality limits as required

-
Revision 1, January 1976,
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by 10 CFR 50, Appendix G. Figures 8-3 and 8-4 show the vessel's pressure-
temperature limit curve for normal cooldown and for heatup during inservice
leak and hydrostatic tests, respectively. All pressure-temperature limit
curves are applicable up to the seventh effective full-power year. Protection
against nonductile failure is ensured by maintaining the coolant pressuve be-
low the upper limits of the pressure-temperature limir curves. The acceptable
pressure and temperature combinations for reactor vessel operation are below
and to the right of the limit curve. The reactor is not permitted to go crit-
fcal until the pressure-temperature combinations are to the right of the crit-
fcality iimit curve. To establish the pressure-temperature limits for protec-
tion against nonductile failure of the RCPB, the limits presented in Figures
8-2 through 8-4 must be adjusted by the pressure differential between the point
of system pressure measurement and the pressure on the reactor vessel control-
ling the limit curves. This {s necessary because thne reactor vessel is the

most limiting component of the RCPB.

8-3 Babcock & Wilcox
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Figure 8-1. Fast Neutron Fluence of Surveillance Capsule Center
Compared to Various Locations Through Reactor
Vessel Wall for First 10 EFPY
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9. SUMMARY OF RESULTS

The analysis of the reactor vessel material conta’ned in the first surveillance
capsule OCI-E removed from the Oconee 1 pressure vessel led to the following

conclusions:

1. The capsule 1eceived an average fast fluence of 1.5 « 10!8 n/cg? (£ > 1
MeV). The predictec fast fluence for the reactor vessel T/4 location at
the er! of the second fuel cycle 1s 4 9 = 10'7 n/cm? (E > 1 MeV).

2. The fast fluence of 1.5 = 108 n/cm® (E > 1 MeV) increased the RT"DT of
the capsule reactor vessel core reglon sheli materials to a max.mum of

124F.

3. Based on a ratio of 1.6 between the fast flux at the survelllance capsule
location to that at the vesse! wall and an 80X load factor, the projected
fasi fluence that the Oconee 1 reactor pressure vessel will receive in 49

calendar years' operation {s 1.8 « 10'? n/em’ (E > | MeY),

4. The increare in the RTNDT tor the base plate material was in good agree-

ment with thac predicted by the currently nsed design curves of :RTVDT

versas fluence.

v ]
.

The increcase in the RTNDT for the weld metal was in Bood agreement with
that predic.ed by the currently used design curves of ﬂRTNDT versus flu-

ence.

6. The current techniques used for predicting the change in Charpy impact

upner shelf properties due co irradiation are conservative.

7. The analysis of the neutron dosimeters demonstrated that the *nalytical

techuiques used .9 predict the neutrcn flux and fliuence were accurate.

8. The thermal monitors indicated that the capsule design was sitisfactory
for maintaining tle specimens within the desired temperature range.'

9-1 Babcock & Wilcnx



10. SURVEILLANCE CAPSULE REMOVAL SCHEDULE

B8ased on the postirradiation test results of capsule OCI-E, the following

schedule {s recommended fur exam iation of the remaining capsules in the

Oconee 1 reactor vessel surveillance program:

Evaluation schedule

Est. capsule

Capsule f luence,
1D 10'% n/cm

oc1-a‘® 1.2

oc1-¢(@ 2.3

oCI-8 Standby
oCI-D Standby
oc1-g(2+2) Standby
OCK-H(b) Standby

(a)
(b)
(c)

(c)
Est. EFPD Est. date
data
Surface 1/4T available
18 32 1984
34 61 1988

Capsules contain weld metal specimens.

Capsules design: ted thermal aging capsules.

These dates do not represent the earliest dates that data will
be available for the materials that control the operating limi-
tations. Similar materials are included as part of the B&W
Integrated Reactor surveillance Program, which will provide

necessary data on a timely basis.

data will be available is 1980.

10-1

The earliest date that these

Babcock & Wilcox



11. CERTIFICATIONM

The specimens were tested, and the data obtained from Oconee Nuclear Station,

Unit 1 surveillance capsule OCI-E were evaluated using accepted techniques and
established standard methods and procedures in accordance with the requirements

of 10 CFR 50, Appendixes G and H.

s bs ¢ oy .
Project Technical *Manager

This report has been reviewed for technical content and accuracy.

z(-/g/%?&u_. 9-27-27

K. E. Moore Date
Technical Staff
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APPENDIX A

Reactor Vessel Surveillance Program -
Background Data and Information
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1. Material Selection Data

The data used to select the materials for the specimens in the surveillance
progras, in accordance with E-185-66, are shown in Table A-1. The locations

of these materials within the reactor vessel are shown in Figures A-1l and A-2.

2. Definition of Beltline Region

The beltline region of Oconee Nuclear Unit ! was defined in accordance with

the data given in BAW-10100A.

3. Capsule ldentification

The capsules used in the Oconee Nuclear Unit ] surveillance program are

identified below by identification number, type, and location.

Capsule Cross Reference Data

Number Type Location
OCI-A A Upper
OCI-B B Lower
OoCI~C A Upper
OCI-D B Lower
OCI-E A Upper
OCI-F B Lower
ocr-¢ A Thermal aging
oCI-N B Thermal aging

4. Specimens per Surveillance Capsule

See Tables A-2 and A-3.

A=2 Babcock & Wilcox
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Cu, 2
0.1%

0.10
0.2
0.1%
0.1
0.1
0.16
.2
o
0.7
0.25
0.29
0.20
o.n
0.3

Table A-1. Sq&yelqu%}:j?ﬁﬁrJQ_ﬂ{giiglbt£§QSLngljy(a for Oconee 1
T Y- i et
c?u LITE Drop —_ JTransverse P —
Material Beitline piane to
10, heat Material reglon weld center- "'""'. Loog., ft-1b  SO-11-1b, )% MLE, UsE, Myt
No. type location line, ca  NOT' ' @107 L L i e SO ¥
AMR 56 BASOL, CL 2 Mossle belt - - {:?: oy :2}} - - - -
C-2197-2 sa)2 » inters shell .- - 39, &5, s - .- - -
C=3218-1  8AYO2 B Upper shell .- <10 35,29, 0} .- - - -
C-3265-1 SA302 » Upper shell - 0 3, 64, 27 -- - 109 20
C-2800-1 5A)02 » Lower shell - «10 W, 9, » .- - .- -
C-2800-2 sAd02 B Lover shell - 20 nN. M - - 119 20
SA-1430 Weld Long sean - - 5%, %2, %3 - .- - .-
SA-149) Weld Long seaa - - 41, 35, &0 - -~ .- -
SA-10/3 Weld Long sean - - 40, &5, - - - -
WF-9 Weld Circ sean ~249 - 46, 43, & - -~ - -
SA-158% Weld Circ sean -6l - n, 2. N0 - .- Lo e
wr-25 Weld Circ sean +12) 40 38, 28, &9 - - 82 9
SA-1229  weld Circ sean +12) -- 55, 43, 40 -~ - - e
SA-113% Weld Circ sean +199 .- 56, 44, 55 .- e e o
SA-1526 Weld Circ sean *245 - LN mn .- - .o .-
SA-1494 Weld Clzc sean *245 - 54, 25, & - .= oe -

0.14

Chemintry
3 s,
0.006 0.010
0.009 0.0l0
0.010 0.01e
0.015 0.01%
0.012 o.017
0.012 0.017
0.017 0.01%
0.017 0.010
0.025 0.012
0.01% 0.012
0.016 0.011
0.019 0.010
0.021 0.012
0.01% 0.01)
0.016 0.012
0.01% o0.012
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Table A-2. Materials and Specimens in Upper
Surveillance Capsules OCI-A,
OC1-C, and OCI-E

No. of specimens

Material description Tensile Charpy
Weld metal, WF-1]12 4 8
Heat-affected zone (HAZ)
Heat A — C-3265-1, longitud o 8
Baseline material
Heat A — C-3265-1, longitud 4 8
“eat A — C-3265-1, transverse 0 4
Correlation HSST plate 02 0 _8
Total per capsule 8 36

Table A-5>. Materials and Specimens in Lower
‘urveillance Capsules OCl-B,
OC1-D, and OCI-F

No. of specimens

Material description Tensile Charpy

Heat-affected zone (HAZ)
Heat B — 2800-2, longitud 4 10
Baseline material

Heat B — C-2800-2, longitud 4 10
Heat B — C-2800-2, transverse 0 8
Correlation HSST plate 02 Y] _8
Total per capsule 8 36

A4 Babcock & Wilcox
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Figure A-l. Location and Identification of Materials
Used in Fabrication of Oconee Unit 1
Reactor Pressure Value
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APPENDIX P

Preirradiation Tens!'- pata

B-1 Babcock & Wilcox



Table B~]l. Preirradiation Tensile Properties of Shell
Plate Material, Heat C-3265-1
Test ) : - Red'n

Spac Lasn pivieg Strength, osi Elongation, X of aten.
No. F Yield Ule. Unif. Total ;-
Longitudinal
AA-701 RT 64,000 85,900 15.1 25.9 63.0

705 RT 64,200 35,900 ND 27.8 71.0

723 RT 64,700 86, 300 14.9 22.8 71.0
Mean, X - 64,300 86,100 15.0 26.5 68.0
Std dev'n - 299.3 213.8 0.163 3.24 4.0
AA-706 600 56,900 83,200 15.1 26.4 68.0

710 600 57,800 85,200 16.3 27.1 68.0

715 600 59, 200 84,800 15.0 28.5 73.0
Mean, X - 58,000 84,400 15.5 27.3 70.01
Std dev'n -- 1,170 1,050 0.72 1.09 2.625
Transverse
AA-6O] RT 65,100 86, 600 14.6 26.0 63.0

606 RT 65,500 86,900 14.5 27.8 67.0

607 RT 64,700 86,100 16.1 24.6 65.0
Mean, X - 65,100 86,500 15.1 26.1 65.0
Std dev'r - 400.1 408.1 0.89 1.61 2.1
AA-604 600 57,800 84,500 15.7 25.4 63.0

605 600 57,100 83,400 16.0 26.1 63.0

609 600 58,900 84,800 14.2 26.1 67.0
Mean, X -- 57,900 84,200 15.3 25.8 64.0
Std dev'n -- 905.2 708.8 0.93 0.37 2.4

B-2 Babcock & Wilcox



Tavle B-2,

Specimen
No.

Longitudinal

AA-406
407
409

Mean, i
S5td dev'n

AA-4D1L
404
403

Mean, X

Std dev'n

Transverse

AA-102
303
304

Mean, X
Std dev'n

AA= 105
30k
301

Mean, i
Std dev'n

Plate Material, HAZ, Heat C-3265-1

Preirradiation Tensile Properties of Shell

Test
temp, Strength, psi
I Yield Ule.
RT 60,700 79,500
RT 63,709 81,800
RT 60,600 79,900
- 61,600 80, 400
-- 1,750 1,00
»00 56,100 81,800
600 57,700 81,200
600 56,800 80,400
-~ 56,900 81,100
- 795.4 725.4
RT 65,600 86,400
RT 64,900 86,300
RT 69,000 89,700
-- 66, 500 87,500
- 2,210 1,910
600 57,100 83,600
600 55,200 85,300
6500 58, 500 86,800
.- 56,900 85,300
- 1,620 1,620

B-3

Elongat i 4 Red’n
WAt ton, & of area,
Unif. Total -
10.9 21.6 h4.0
.2 22.6 62.0
3.5 29.5 645.0
112 4.6 63.0
N, 29 $.30 1.0
12.2 20.0 53.0
12.3 21.0 «7.0
11.1 16.6 52.0
11.9 20.2 51.0
0.08 0.7: 3.2
14.4 27.8 70.0
195.2 29.2 71.0
14.1 29.0 74.0
14.7 28.7 72.0
0.49 0.75 2.9
16.3 30.0 72.0
15.8 31.4 68.0
13.7 25.2 70.0
15.3 28.8 70.0
1.3 .2k 1.9
Babcock & Wilcox



Tavle B-3. Preirratiation Tensile Properties of Weld
Metal, Weld Qualification No WF112

Test Red'n
Spac tises by Strength, psi Elongation, X of asen,
e, ¥ Yield Ule Unif. Toral %
Longitud ln.l_l_
OC1-105 KT 63,900 81,100 7.2 32.1 63.0
108 RT 63,400 80,300 16.9 30.7 64 0
123 RT 62,700 80,100 16.6 30.¢ 64.0
Mean, X - 63,300 80, 500 16.9 30.9 63.0
Std dev'n - 625.8 548.4 0.30 1.0 0.5
oC1-118 600 55,300 79,600 16.8 75.0 6£3.0
121 hi0 58,400 82,200 16.9 22.9 60.0
124 »00 55, 500 80, 500 16.7 295.3 60.0
Mcean, X - 56,400 80,800 16.8 26.4 61.0
Std dev'n - 1763.7 1337.1 0.13 1.32 1.8
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APPENDIX C
Preirradiation Charpy lmpact Data

c-1 Babcock & Wilcox



Table C-1. Preirradiation Charpy Impact Data for Shell Plate
Material, longitudinal Direction, Heat C-3265-1
Test Absorbe’ Lateral Shear

Specimen temp, ener expansion, fracture,

No. _F _fe- 107 ja. s
AA-T15 320 3o 72 100
724 320 150 ok 120
899 320 139 70 100
AA-897 2 142 73 100
AA-707 . 137 o6 S5
747 . )G 143 73 50
398 200 140 72 80
AA-" ¢ 131 125 57 75
749 131 110 62 S0
AA-731 67 ug 4 45
735 67 &8 38 35
744 67 82 60 15
AA-T718 33 67 55 10
736 35 57 a6 5
752 a5 69 b6 12
AA-T725 0 =3 13 0
740 0 61 49 0
895 0 32 25 0
AA-896 =30 8 6 0
AA-720 -58 11 7 0
900 -60 8 M 0
c-2 Babcock & Wilcox
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Table C-2.

Preirradiation Charpy Impact Data for Shell Plate
Material, Transverse Direction, Heat C-3261-1

Spec imen
T

AA-619
631
700

AA-698
699

AA-623
625
696

AA-614

AA-626
695

AA-628
629

AA-604
617
620

AA-601
638
697

AA-624
632

Test
temp,

F

320
320
320

261
262

200
200
200

170

129
130

100
100

66
66
67

30
30
30

=40
~40

Absorbed Lateral Shear
energy, expansion, fracture,
fe-1b 1073 in. 4

106 72 100
108 74 100
114 72 100
103 72 100
113 72 100
105 63 85
98 68 90
110 74 90
97 81 95
87 60 85
85 59 65
70 56 30
65 52 50
63 49 10
65 26 15
42 34 15
46 37 2
36 32 2
36 30 2
10 8 1
27 20 0
Babcock & Wilco.



Table C-2. Preirradiation Charpy Impact Data for Shell
Material, HAZ, Longitudinal Direction,

Heat C-3265-1

Test Absorbed Lateral
Specimen tenp, erergy, expansion,
No. F fe-1b 1077 jn.
AA-199 320 116 70
422 320 114 68
428 320 108 74
AA-1397 262 125 70
AA- 196 200 117 67
401 200 82 58
421 200 98 62
AA-395 130 108 60
427 130 86 57
AA-419 67 90 49
426 67 90 52
442 67 94 52
AA-406 30 87 54
407 30 71 48
414 30 70 52
AA-398 20 3 53
AA-4L ] 10 63 45
AA-400 =20 58 41
430 ~21 44 30
438 -19 35 24
AA-429 -59 28 18

c-4

Shear
fracture,

P4

100
100
100

100

70
85
90

85
95

85
90
90

55
50
30

35
35

15
10
12

5

Babcock & Wilcox
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Specimen

No.

AA-302
304
596

AA-598

AA-303
307
599

AA-301
309
318

AA-310
313

AA-595

AA-308
314
597

AA-319
AA-320

AA-312
316

Table C-4. Preirradiation Charpy Iapact Data for
Shell Material, HAZ, Transverse
Direction, Heat C-3265-1
Test Absorbed Lateral Shear
temp, energy expansion, fracture,
F ft-1b 1077 in. 2
320 100 60 100
320 92 62 100
320 124 65 106
260 102 56 00
200 85 59 100
200 79 56 100
200 111 64 S0
71 78 48 85
67 105 59 100
67 92 49 85
20 51 40 25
20 76 52 55
10 68 44 55
-20 50 33 15
=20 56 37 15
-20 38 28 10
45 55 36 5
-50 35 25 6
-79 21 13 2
~-79 25 14 1
c-5 Babcock & Wilcox



Table C-5. Preirradiation Charpy Impact Data for Weld
o Metal, Weld Qualification No. WF 112
Test Absorbed Lateral Shear
Specimen temp, energy, expansion, fracture,
No. F fr-1b 1073 in. b4
OCI1-015 320 68 62 100
016 320 65 55 100
AA-266 320 62 52 100
0C1-004 261 64 59 100
AA-300 260 61 54 100
0C1-030 200 71 55 100
03% 200 63 59 98
AA-299 200 63 52 100
AA-298 140 6 57 65
0CI-022 66 57 47 65
025 70 60 41 75
034 70 55 47 60
0oC1-011 40 41 39 10
036 40 51 48 45
oCcI-020 10 30 28 15
031 11 40 38 20
AA-295 10 37 33 25
0oCI-9232 -15 33 27 5
oCI-018 ~40 19 14 5
023 =40 25 21 5
AA=297 -40 13 14 5
c-6 Babcock & Wilcox
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Figure C-4. lampact Data From Unirradiated Base Metal A -

HAZ, Transverse Orientation
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Threshold Detector Information

D-1 Babcock & Wilcox



Table D-1 lists the cemposition of ihe threshold detectors and the thickness
of cadmium used to reduce competing thermal reactions. Table D-2 shows the
cycle | measured activity per gram of target material (i.e., ner gram of
uranium, nickel, etc.) corrected for the wait time between irradiation ard
counting. Measurements after cycle 2 are listed in Table D-3. Activation
cross sectionc for the various target materials were flux welghted with a

4350 spectrum (Table D-4).

Table D-1. Detector Composition and Shielding

_Monitors Shielding Reaction
11.87 U-Al Cd-Ag 0.02676-inch Cd <8 (n,1)
1.612 Np-Al Cd-Ag 0.02676-inch Cd 237Np(n,f)
Ni Cd-Ag J.02676-inch Cd S?SI(n.p)quo
0.662 Co-Al Cd-0.040-inch Cd “%Co(n,v)*%Co
0.66% Co~-Al None *%co(n,v)*%o0
Fe None S“Fe(n,p) ““Mn

v-2 Babcock & Wilcox



Table D-2. Measured Detector Astivities After Cycle 1

Acrivity, uCi/g |

Monitor Nuclide OCI-FD5 OCI-FL6 oCI1-7D7 OCI-FD8
238y 103y 8.70 x 10! 6.80 » 10! 6.91 = i0l 5.06 x 10!

$37cs 6.81 x 107! 1.15 1.57 1.07

181ce 5.69 = 10! 4.44 x 10! 4.45 = 10! 3.32 x 10!

1sbhce 3.31 = 10! 2.58 10! 2.59 x 10! 1.97 = 10!

102y 4.07 x 102 2.86 = 10?2 3.02 = 10? 2.41 x 102
237%p 137cq 1.09 = 10! 7.76 7.95 6.39

ivlce 2.68 x 10° 1.82 = 10?2 1.96 = i0? 1.48 = 107
“bNa Iebce 1.52 = 102 1.¢3 = 10?2 1.10 = 10? 8.94 x 10

*8co 9.61 x 102 7.33 x 1092 7.27 = 102 5.64 < 107
““Co(cd) 60¢co 7.43 x 103 5.94 x 103 5.78 = 10° 5.17 = 10}
“Oco 50co 4.72 x 10 3.0 x 10* 3.01 » 10% 2.04 x 10“
““re Shwmn 3.92 « 102 2.85 x 102 3.18 = 102 2.82 x 107

D-3 Babcock & Wilco~




Table D-3.

Measured Detector Activities After Cvcle 2

Post~
irradiation

Monitor wt, ag
=1

<38y 47.00
“37%p 79.44
Ni 133.22
Co(rd) 16.00
Fe 151.66
Co 15.70
ED2

238y 55.74

Total,
uCi

2.047-1
5.017-1
2.424~1
9.01-3
1.820-1
6.685-2
1.400-1
2.911-1
6.330-1
2.998-1
9.612-3
1.805-1
2.944-1
6.904-2
8.706+1
2.313-1
1.002
4.673
9.230
7.601

3.268-1
7.841-1
3.864~1
1.14-2

2.464~1
2.887-1
9.383-2

D-4

Total,
uCi/g

4.36
1.07+1
5.16
1.92-1
3.87
1.42
2.98
3.66
2.97
3.727
1.21-1
2.27
3.71
8.69-1
6.54+2
1.74
6.26+1
3.08+1
6.09+1
4.8442

5.86
1.414]
6.93
2.05-1
4.42
5.18
1.68

Reaction

Target,
uCi/gm(a)

“38¢(n, £)FP

237%p(n, f)FP

58Ni(n,p)seCo
EO0Ni(n,p)®Cco
59Co(n,y)"oCo
““Fe(r pi“Mn
5eFe(n.y)SgFe
59Co(n.y)“Co

2380 (n, £)FP

4.23+1
1.04%2
5.01+1
1.56

3.76+]
1.38+1
2.89+1
2.5442
5.53+2
2.62+2
8.40

1.58+2
2.58+42
6.03+1
. 5542
6.65

9.48+3
5.29+2
1.85+4
7.33+4

5.69+1
1.37+2
6.73+1
1.99

4.29+1
5.03+1
1.63+1

Babcock & Wilcox
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Post~
irradiation
Menitor _wt, mg
“<37%p 84.2
Ni 136.03
Co(Cd) 18.75
Fe 154.44
Co 16.22
ED3
238y 50. 1
237%p 82.66
-
Ni 128.29

Table D-3. (Cont'd)
Total, Total,
Isotope uCi uCi/g
zr 3.590-1 4.26
9°Nb 7.387-1 8.77
1038y 3.677-1 4.37
137¢s 1.169-2 1.39-1
140gy 2.276-1 2.70
1elce 3.648-1 4.33
Ihbce 1.898-1 2.25
106gy 7.255-2 8.62-1
5%co 1.10642 8.13+2
60¢co 2.301-1 1.69
6Cco 1.306 6.97+1
S4Mn 5.549 2.59+1
5%e 1.31441 8.51+41
60¢co 8.984 5.37+42
z2r 1.756=1 3.51
%Nb  3.507-1 7.00
103gy 2.043-1 4.08
137%¢cg 8.91-3 1.78-1
140g, 1.369-1 2.73
Ihlce 1.615-1 3.22
106gy, 6.272-2 1.25
95z2r 2.323-1 2.81
958D 4.579-1 5.54
103gy 2.372-1 2.87
137¢g © 708-3 1.17-1
140g, 1.£19-1 2.20
1elce 2.423-1 2.93
106gy 4.977-2 6.02-1
58Co  6,42241 5.0142
80co  2.006-1 1.56

D-5

Reaction

Target,

4 i/‘!(a)

23 7% (n, £)FP

55Ni(n,p)SBCo
63Nl(n.p)GOCo
*co(n,v)%%o0
S“Fe(n,p)>“Mn
**Fe(n,y) e
59Co(n.y)GOCo

23%y(n, f)FP

2373?(!\.1’)}?

e

“8Ni(n,p)5®Co
60Ni(n,p)® %0

2.96+2
6.09+42
3.03+2
9.65

1.88+2
3.01+2
1.56+2
5.99+1
1.2043
6.4%6

1.06+4
6.17+42
2.58+4
8.14+4

3.51+1
6.79+1
3.96+1
1.72

2.65+1
3.12+1
1.21+41
1.9542
3.85+2
1.99+2
8.13

1.53+42
2.03+2
4.18+1
7.39+2
5.96

Babcock & Wilcox



Table D-3. (Coat'd)

Post~
irradiation Total, Total, Target,
Monitor  wt, =y  lsotope pCi =Ci/g Reaction  uCi/gm(a)
Co(Cd) 20.28 50co 1.269 6.26+1  *%Co(n,y)®%Co  9.48+3
Fe 150.81 ““Mn 3.904 2.5941  “Fe(n,p)®“Mn  4.4542
“Ire 5.308 3.5241  %Fe(n,y)%%Fe 1.0744
Co 16.88 6.529 3.8742  5%o(n,y)%%0 .86+
ED4
238y 52.92 ¥z 2.509-1 4.74 23%(n,f)FP 4.60+]
5xNb 6.527-1 1.23+1 1.19+2
103gy 2.921-1 5.52 5.36+1
137¢g 1.20-2 2.27-] 2.20
16lce 2.250-1 4.25 4.12+1
106gy 1.031-1 1.95 1.89+41
237%p 69.22 95z2¢ 2.522-1 3.64 237%p(n, £)FP 2.5342
95Nb 5.967-1 8.62 5.99+2
103y 2.524-1 3.65 2.5342
137¢s 1.11-2 1.60-1 1.1141
1elce 2.502-1 3.61 2.5142
1hbce 1.368-1 1.98 1.3842
106gy 6.397-2 9.24-1 6.42+41
Ni 129.20 BCo  B.734+41 6.76+2 5€Ni(n,p)%8%co 9.97+2
60co 2.238-1 1.73 603i(n,p)®%0 6.61
Co(Cd) 20.25 %o  1.331  6.5741  5%o(n,y)%%o 9.95+3
Fe 154.27 5“Mn 4.978 3.23+%) S“Fe(n,p)%“Mn  5.55+2
S9Fe 1.013+41 6.57+1 *8Fe(n,y)%%Fe 1.99+4
Co 16.46 60co  8.518 5.1842  59%o(n,y)%%0 7.85+4
(a)

The following abundance and weight percents were used to calculate the
disintegration rate per gram of target:

1. 238%y: 10.38 wt %; 99.27% isotopic.
2. 237np:  1.44 wr 2; 100% isotopic.

. Ni: 100Z; 5®Ni 67.772 isotopic; ®ONi 26.16% isotopic.
4. Co: 0.66 wt X; 5%o 1002 isotopic.
5. Fe: 100%; *“Fe 5,822 isotopic; 5%Fe 0.33% isotopic.

D-6 Babcock & Wilcox



Table D-4. Dosimeter Activation Cross Sections(')

Energy range,

G MeV 237y, 238y S8xi S“Fe

1 13.3  -15.0 2.231 1.073 0.460 0.425
2 10.0 -12.2 2.3 0.981 0.622 0.537
3 8.18 -10.0 2.31 0.991 0.659 0.583
4 6.36 -8.18 2.09 0.917 0.638 0.572
5 4.96 -6.36 1.54 0.60 0.54 0.473
6 4.06 -4.96 1.53 0.562 0.403 0.325
7 3.01  -4.06 1.616 0.553 0.264 0.206
8 2.46  -3.01 1.69 0.550 0.139 0.096
9 2.35 -2.46 1.695 0.553 0.089 0.0524
10 1.83  -2.35 1.676 0.535 0.051 0.022
11 1.11  -1.83 1.593 0.229 0.c128 0.0115
12 0.55 ~1.11 1.217 0.008 0.00048 -
13 0.111 =0.55 0.1946 0.00013 - -
14 0.0033 -0.111  0.0410 - - -
(2)exvF/84 values flux weighted with a fission spectrua.

Babcock & Wilcox

D-7



