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SECTION 1
. SUMMARY OF RESULTS

The analysis of the reactor vessel material contained in surveillance Capsule
U, the first capsule to be removed from the McGuire Unit 1 reactor pressure
vessel, led to the following conclusions. '

o The capsule received an average fast neutron fluence (E > 1.0 Mev)
of 4.14 x 1018 n/cmz.

o Irradiation of the reactor vessel intermediate shell plate B5012-1 to
4,14 x 1018 n/cm2 resulted in 30 and 50 ft-1b transition temperature
increases of 50°F and 40°F, respectively, for specimens oriented
normal to the principal rolling direction of the plate, and 30 and 50
ft-1b transition temperature increases of 45°F for specimens oriented
parallel to the plate principal rolling direction.

0 Weld metal irradiated to 4.14 x 1018 n/cm2 resulted in 30 and 50

ft-1b transition temperature increases of 160°F and 170°F,

respectively.

o Weld HAZ metal showed a 30°F and 50°F transition temperature increase

of 90°F and 95°F, respectively, after irradiation to 4.14 x 1018 n/cmz.

o Plate B5012-1, weld metal, and HAZ metal all showed upper shelf energy
levels well above 50 ft-1b after irradiation to 4.14 x 1018 n/cmz.
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SECTION 2
INTRODUCTION

This report presents the results of the examination of Capsule U, the first
capsule to be removed from the reactor in the continuing surveillance program
which monitors the effects of neutron irradiation on the McGuire Unit 1
reactor pressure vessel materials under actual operating conditions.

The surveillance program for tne McGuire Unit 1 reactor pressure vessel
materials was designed and recommended by the Westinghouse Electric
Corporation. A description of the surveillance program and the preirradiation
mechanical properties of the reactor vessel materials are presented by
Davidson and Yanichko[ll. The surveillance program was planned to cover the
40-year design life of the reactor pressure vessel and was based un ASTM
E-185-73, "Recommended Practice for Surveillance Tests for Nuclear Reactor
Vessels"[zl.
for the preparation of procedures for removing the capsule from the reactor

Westinghouse Nuclear Energy Systems personnel were contracted

and its shipment to the Westinghouse Research and Development Laboratory,
where the postirradiation mechanical testing of the Charpy V-notch impact and
tensile surveillance specimens were performed.

This report summarizes the testing of and the postirradiation data obtained

from surveillance Capsule U removed from the McGuire Unit 1 reactor vessel and
discusses the analysis of these data.

84858:1b-021385 &1



SECTION 3
BACKGROUND

The ability of the large steel pressure vessel containing the reactor core and
its primary coolant to resist fracture constitutes an important factor in
ensuring safety in the nuclear industry. The beltline region of the reactor
pressure vessel is the most critical region of the vessel because it is
subjected to significant fast neutror bombardment. The overall effects of
fast neutron irradiation on the mechanical properties of low alloy, ferritic
pressure vessel steels such as SA 533 Grade B Class 1 (base material of the
McGuire Unit 1 reactor pressure vessel beltline) are well documented in the
literature. Generally, low alloy ferritic materials show an increase in
hardness and tensile properties and a decrease in ductility and toughness
under certain conditions of irradiation.

A method for performing analyses to guard against fast fracture in reactor
pressure vessels has been presented in "Protection Against Nonductile
Failure," Appendix G to Section III of the ASME Boiler and Pressure Vessel
Code. The method utilizes fracture mechanics concepts and is based on the
reference nil ductility temperature (RTNDT).

RTNDT is deformed as the greater of either the drop weight nil-ductility
trensition temperature (NDTT per ASTM £-208) or the temperature 60°F less than
the 50 ft-1b (and 35-mil lateral expansion) temperature as determined from
Charpy specimens oriented normal (transverse) to the major working direction
of the material. The RTNDT of a given material is used to index that

material to a reference stress intensity factor curve (KIR curve) which
appears in Appendix G of the ASME Code. The KIR curve is a lower bolnd of
dynamics, crack arrest, and static fracture toughness results obtained from
several heats of pressure vessel steel. When a given material is indexed to
the KIR curve, allowable stress intensity factors can be obtained for this
material as a function of temperature. Allowable operating limits can then be
determined utilizing these allowable stress intensity factors.

84858 : 1b-021885 3-1



RYNDT and, in turn, the operating limits of nuclear power plants can be
adjusted to account for the effects of radiation on the reactor vessel
material properties. The radiation embrittlement of changes in mechanical
properties of a given reactor pressure vessel steel can be monitored by a
reactor surveillance program such as the McGuire Unit 1 Reactor Vessel
Radiation Surveillance Prodram[ll. in which a surveillance capsule is
periodically removed from the operating nuclear reactor and the encapsulated
specimens are tested. The increase in the avearage Charpy V-notch 30 ft-1b
temperature (ARTNDT) due to irradiation is added to the original RTNDT to
adjust the RTNDT for radiation embrittlement. This adjusted RTNDT (RTNDT
initial + & RTNDT) is used to index the material to the KIR curve and, in
turn, to set operating limits for the nuclear power plant which take into
account the effects of irradiation on the reactor vesse! materials.

84858: 1b-022285 3-2



SECTION 4
DESCRIPTION OF PROGRAM

Six surveillance capsules for monitoring the effects of neutron exposure on
the McGuire Unit 1 reactor pressure vessel core region material were inserted
in the reactor vessel prior to initial plant startup. The six capsules were
positioned in the reactor vessel between the neutron shielding pads and the
vessel wall as shown in figure 4-1. The vertical center of the capsules is
opposite the vertical center of the core.

Capsule U was removed from the reactor after 1.06 Effective Full Power Years
(EFPY) of plant operation. This capsule contained Charpy V-notch, tensile,
and Compact Tension (CT) specimens from submerged arc weld metal
representative of the reactor vessel core region weld metal, and Charpy
V-notch, tensile, CT, and bend bar specimens from the intermediate shell plate
BS5012-1. The capsule also contained Charpy V-notch specimens from weld Heat
Affected Zone (HAZ) metal. A1l heat affected zone specimens were obtained
from the weld HAZ of plate B5012-1. The chemistry and heat treatment of the
program surveillance materials is presented in table 4-1.

All test specimens were machined from the 1/4-thickness location of the
plate. Test specimens represent material taken at least one-plate thickness
from the quenched end of the plate. Some base metal Charpy V-notch and
tensile specimens were oriented with the longitudinal axis of the specimens
normal to (transverse orientation) and some paralle! to (longitudinal
orientation) the major working direction of the plate. The CT test specimens
were machined so that the crack of the specimen would propagate normal to
(longitudinal specimens) and parallel to (transverse specimens) the major
working direction of the plate. All specimens were fatigue precracked per
ASTM E399-72. The precracked bend bar was machined in the transverse
orientation. Charpy V-notch specimens from the weld metal were oriented with
the longitudinal axis of the specimens normal to (transverse orientation) the
weld direction. Tensile specimens were oriented with the longitudinal axis of
the specimens normal to (transverse orientation) the weld direction.
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Figure 4-1. Arrangement of Surveillance Capsules in McGuire Unit 1 Reactor Vessel
(Updated Lead Factors for the Capsules Shown in Parentheses)
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CHEMICAL COMPOSITION AND HEAT TREATMENT OF THE

TABLE 4-1

MCGUIRE UNIT 1 REACTOR VESSEL SURVEILLANCE MATERIALS

Chemical Composition (wt%)

Element Plate B5012-1 Weld Material
¢ 0.21 0.10
Mn 1.26 1.36 1.19(2)
p 0.010 0.011 0.010'2]
s 0.016 0.008 --
S 0.23 0.24 0.23f2]
Cr 0.068 0.04 0.0sf2]
Mo 0.57 0.55 0.54L2]
Ni 0.60 0.88 0.a1f2]
Cu 0.087 0.21 0.20t2]
v 0.003 0.04 -
$n 0.007 0.007 -
B <0.003 <0.001 -
Cb <0.001 <0.010 .-
i 0.005 <0.010 -
W <0.001 <0.010 -
bs 0.008 0.009 .
2r 0.003 <0.001 -
S <0.001 0.002 -
Pb 0.001 <0.001 -
N, 0.003 0.008 -
Co 0.016 0.014 B
Heat Treatment History
Material Temperature (°F) Time (Hr) Coolant
Shell Plate B5012-1 1550-1650 4 Water guenched
1200-1250 4 Air cooled
1125-1175 40 Furnace cocled
Weld 1125-1175 40 Furnace cooled

a. Analysis performed on irradiated Charpy specimen DW-15

84858 : 1b-022285
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Capsule U contained dosimeter wires of pure copper, iron, nickel, and
aluminum-0.15% cobalt (cadmium-shielded and unshielded). In addition, cadmium
shielded dosimeters of Np237 and U238 were contained in the capsule.

Thermal monitors made from two low-melting eutectic alloys and sealed in Pyrex
tubes were included in the capsule. The composition of the two alloys and
their melting points are as follows,

2.5% Ag, 97.5% Pb Melting point: 579°F (304°C)
1.75% Ag, 0.75% Sn, 97.5% Pb Melting point: 590°F (312°C)

The arrangement of the various mechanical specimens, dosimeters and thermal
monitors contained in Capsule U are shown in figure 4-2.

84858:15-021385 4-4
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SECTION 5
TESTING OF SPECIMENS FROM CAPSULE U

5.1. OVERVIEW

The postirradiation mechanical testing of the Charpy V-notch and tensile
specimens was performed at the Westinahouse Research and Development
Laboratory with consultation by Westinghouse Nuclear Energy Systems
personnel. Testing was performed in accordance with 10CFR50, Appendices G
and H, ASTM Specification E185-82, and Westinghouse Procedure RMF-8402,
Revision 0.

Upon receipt of the capsule at the laboratory, the specimens and spacer blocks
were carefully removed, inspected for identification number, and checked
against the master list in NCAP-9195[1]. No discrepancies were found.

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

The Charpy impact tests were performed per ASTM Specification E23-82 and RMF
Procedure 8103 on a Tinius-Olsen Mode! 74,358J) machine. The tup (striker) of
the Charpy machine is instrumented with an Effects Technology Model 500
instrumentation system. With this system, load-time and energy-time signals
can be recorded in addition to the standard measurement of Charpy energy
(ED). From the load-time curve, the load of general yielding (PGY)’ the

time to general yielding (tGY), the maximum load (PM)’ and the time to
maximum load (tM) can be determined. Under some test conditions, a sharp
drop in load indicative of fast fracture was observed. The load at which fast
fracture was initiated is identified as the fast fracture load (PF)’ and the
load at which fast fracture terminated is identified as the arrest load (PA)‘

The energy at maximum load (EM) was determined by comparing the energy-time

record and the load-time record. The energy at maximum load is roughly
equivalant to the energy required to initiate a crack in the specimen.

84858 :1b-021885 5-1



Therefore, the propagation energy for the crack (Ep) is the difference
between the total energy to fracture (ED) and the energy at maximum load.

The yield stress (oy) is calculated from the three-point bend formula. The
flow stress is calculated from the average of the yield and maximum loads,
also using the three-point bend formula.

Percent shear was determined from postfracture photographs using the ratic-of-
areas methods in compliance with ASTM Specification A370-77. The lateral
expansion was measured using a dial gage rig similar to that shown in the same
specification.

Tension tests were performed on a 20,000-pound Instron, split-console test
machine (Model 1115) per ASTM Specifications E8-81 and E21-79, and RMF
Procedure 8102. A1l pull rods, grips, and pins were made of Inconel 718
hardened to Rc 45. The upper pull rod was connected through a universal joint
to improve axiality of loading. The tests were conducted at a constant
crosshead speed of 0.05 inches per minute throughout the test.

Deflection measurements were made with a linear variable displacement
transducer (LVDT) extensometer. 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 E83-67.

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 fcllowing procedure was used to monitor specimen temperature.
Chromel-alumel thermocouples were inserted in shallow holes in the center and
each end of the gage section of a dummy specimen and in each grip. In the
test configuration, with a slight load on the specimen, a plot of specimen
temperature versus upper and lower grip and controller temperatures was
developed over the range room temperature to 550°F (288°C). The upper grip
was used to contro! the furnace temperature. During the actual testing the

84858:1b-021885 5-2



grip temperatures were used to obtain desired specimen temperatures.
Experiments indicated that this method is accurate to +2°F.

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

5-2. CHARPY V-NOTCH IMPACT TEST RESULTS

The results of Charpy V-notch impact tests performed on the various matarials
18 n/cm2 are presented in
tables 5-1 through 5-5 and figures 5-1 through 5-4. The fractured surfaces of

the impact specimens are shown in figures 5-5 through 5-8.

contained in Capsule U irradiated at 4.14 x 10

Irradiation of Charpy V-notch impact specimens from the reactor vessel
intermediate shell plate, B5012-1, to 4.14 x 108 n/cm
figure 5-1 resulted in 30 and 50 ft-1b transition temperature increases of
50°F and 40°F, respectively, for specimens oriented normal to the principal
rolling direction (transverse orientation) of the plate. Specimens oriented
parallel to the principal rolling direction (longitudinal orientation) of the

as shown in

plate as shown in figure 5-2 exhibited a transition temperature increase of
45°F at both the 30 and 50 ft-1b index temperatures. The upper shelf energy
of the shell plate showed a 1 ft-1b decrease in the transverse direction and a
7 ft-1b decrease in the longitudina! direction.

18 2

Weld metal specimens irradiated to 4.14 x 10°° n/cm” resultad in 30 ft-1p

and 50 ft-1b transition temperature increases of 160°F and 170°F,
respectively, as shown in figure 5-3. Irradiation caused the upper shelf
energy of the weld metal to decrease 37 ft-1b to a shelf energy level of

7% ft-1b. A comparison of the 30 ft-1b transition temperature increase shown
in figure 59 with the predicted increase based on U.S. Nuclear Regulatory
Commission Regulatory Guide 1.99, Revision 1[3] indicates that the weld

metal is more sensitive than predicted at a fluence of 4,14 x 1018

84858 : 1b-032085 $-3
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TABLE 5-1
CHARPY V-NOTCH IMPACT DATA FOR THE MCGUIRE UNIT 1
INTERMEDIATE SHELL PLATE BS012-1
IRRADIATED AT S5G°F, FLUENCE 4.14 x 10°8 n/cm® (E > 1 Mev)

Temperature Impact Energy Lateral Expansion Shear
Sample No. (2g? ' (2C) (ft-1b) (3) (mils) (mm) (%)

Longitudinal Orientation

DL11 0 -18 17.0 23.0 14.5 0.37 1
DL1O 50 10 23.0 31.0 21.5 0.55 23
DLS 50 10 35.0 47.5 29.5 0.75% 22
DL6 16 24 78.0 106.0 52.5 1.33 39
DL14 76 24 55.0 74.5 42.5 1.08 30
oL2 76 24 45.0 61.0 33.5 0.85 31
DL4 100 38 54.0 73.0 46.0 1.17 32
DLl 100 38 78.0 106.0 58.5 1.49 48
DL7 125 52 82.0 111.0 61.0 1.55 54
DL12 150 66 108.0 148.0 78.0 1.98 69
DLY 200 93 119.0 161.5 81.0 2.06 85
DL1S 250 121 135.0 183.0 87.5 2.22 100
DL3 300 149 133.0 180.5 84.0 2.13 100
oL8 400 204 130.0 176.5 79.0 2.01 100
Transverse Orientation
D17 -50 -46 5.0 7.0 5.5 0.14 1
DT15 0 -18 8.0 11.0 1.9 0.19 5
DT13 25 -4 24.0 32.5 21.0 0.53 6.
D78 50 10 37.6 50.0 29.5 0.75 B
DT4 50 10 31.0 42.0 29.0 0.74 16
0Tl 76 24 46.0 62.5 36.5 0.93 35
073 76 24 35.0 47.5 30.5 0.77 33
0T6 100 38 47.0 63.5 42.0 1.07 44
DT10 100 38 42.0 57.0 37.0 0.94 43
DT2 125 52 58.0 78.5 44.0 1.12 53
DT12 150 66 72.0 97.5 57.5 1.46 73
DT11 200 93 81.0 110.0 59.5 1.51 85
DTS 250 121 102.0 138.5 72.0 1.83 100
079 300 149 104.0 141.0 72.0 1.83 100
DT14 400 204 95.0 129.0 65.0 1.65 100

84858 :1b-021885 5-4



TABLE 5-2
CHARPY V-NOTCH IMPACT DATA FOR THE MCGUIRE UNIT 1
REACTOR VESSEL WELD METAL AND HAZ METAL
IRRADIATED AT 550°F, FLUENCE 4.14 x 10°8 n/em® (E > 1 Mev)

Temperature Impact Encrgy Lateral Expansion Shear
Sample No. (°F) (°C) (ft-1b) (J) (mils) (mm) (%)
Weld Metal
DwW8 0 -18 4.0 $.5 5.0 0.13 <
w12 76 24 12.0 16.5 11.0 0.28 19
DW1l 120 49 24.0 38.9 22.5 0.57 27
Dw4 140 60 35.0 47.5 33.0 0.84 35
DW15 150 66 33.0 44.5 32.0 0.81 49
) 150 66 36.0 49.0 33.0 0.84 51
DW9 175 79 31.0 42.0 30.5 0.77 54
DW10 175 19 34.0 46.0 33.3 0.85 67
OwW13 200 93 37.0 50.0 36.0 0.91 75
DWS 220 104 68.0 92.0 9.5 1.41 87
DwW2 220 104 71.0 96.5 60.0 1.52 98
DWl 250 121 71.0 96.5 61.5 1.56 98
DWl4 300 149 71.0 96.5 1.5 1.82 98
DwW7 400 204 79.0 107.0 68.5 1.74 100
OW3 450 232 78.0 106.0 69.5 1.77 100
HAZ Metal
DH1 -50 -46 7.0 9.5 9.0 0.23 2
DHS 0 -18 29.0 39.5 23.5 0.60 27
DH8 50 10 37.0 50.0 39: 9 0.90 48
DH13 50 10 42.0 57.0 32.5 0.83 36
DH10 76 24 35.0 47.5 35.0 0.8% 45
DH12 76 24 35.0 47.5 29.0 0.74 38
DH2 100 38 78.0 106.0 62.5 1.97 €9
DH7 100 38 52.0 70.5 46.0 1.17 57
DH11 120 49 77.0 104.5 58.5 1.49 76
DHE 150 66 49.0 66.5 43.5 1.10 64
DH15 150 66 83.0 112.5 65.0 1.65 80
DH14 200 93 78.0 106.0 62.0 1.57 85
DH4 250 121 100.0 13%5.5 77.5 1.97 100
DH3 300 149 106.0 143.5 77.0 1.96 100
DHS 400 204 118.0 161.5 82.5 2.10 100
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TABLE 5-3
INSTRUMENTED CHARPY IMPACT TEST RESULTS FOR MCGUIRE UNIT 1
INTERMEDIATE SHELL PLATE B5012-1 IRRADIATED

AT 4. 14 x 10'® n/cm? (E > 1 Mev)

Normalized Eneraies

Test Charpy Charpy  Waximum Prop vield T ime Max i mum Time to Fracture Arrest Yield Flow
Sample  Tempy Energy Ed/A Em/A Ep/A Load to Yield Loaa Max i mum Load Load Stress Stress
Number  (“F) (ft-1b) (ft-10/10%) (kips) (psec) (kips) (psec) (kips) (kips) (ksi) (ksi)

Longitudinal Orientation

DL 0 17.0 137 110 27 3.35% 110 3.90 295 3.80 - m 120
LS 50 35.0 282 214 68 3.05 90 415 505 410 o 100 119
DL 10 50 23.0 185 120 65 3.15 90 3.75 310 3.75 0.40 104 114
DL2 76 45.0 362 208 154 2.75 75 3.95 505 3.80 1.60 90 1
DL6 76 78.0 628 365 263 2.85 80 4.25 815 4.05 1.30 95 17
DL14 76 55.0 443 289 154 .00 90 4.25 655 4 .20 1.35 100 120
DL 100 78.0 628 332 296 2.85 85 4. 10 770 3.7% 1.20 94 118
nLa 100 54.0 435 327 108 2.85 95 4.05 770 4.05 1.10 95 114
DL7 125 82.0 660 269 392 2.70 80 3.95 650 3.50 1.85 90 110
DL12 150 109 .0 878 319 559 2.75 85 4.05 755 3.15 1.80 91 12
oLY 200 119.0 958 268 690 2.60 80 3 95 655 2 .55 225 86 108
oL1S 250 135.0 1087 290 797 2.15 50 3.75 725 -— - 71 98
DL3 300 133.0 1071 255 816 2.30 80 3.65 665 -- - 76 98
(VR ] 400 130.0 1047 285 772 1.90 55 3.50 770 - - 63 89

Transverse Orientation

nY7? -50 5.0 40 25 15 2.80 70 3.40 95 3. .40 0.15 92 102
DTS5 o 8.0 64 39 25 3.10 85 3.45 130 3.45% 0.15 102 108
D113 25 24.0 193 146 a8 3.10 85 4.00 355 3.80 - 103 118
D18 50 37.0 298 219 79 3.10 95 4.25 510 4.20 - 103 122
D14 50 31.0 250 185 h5 3.00 80 4.10 a35 4.05 - 99 17
DT 76 46 .0 370 241 130 2.80 75 410 560 3.80 1.16 92 114
D13 76 35.0 282 172 110 3.15 90 410 410 4.00 0.90 104 120
nre 100 47 .0 378 21 168 2.90 85 4.05 505 3.90 1.10 926 115
D110 100 42 .0 338 202 136 2.85 80 4 .00 485 4.00 1.65 95 114
DrY2 126 58 .0 467 241 226 2.70 75 4 .05 570 3.8% 1.70 88 M
Dr12 150 2.0 580 277 303 2.85 85 410 650 3.65 2.15 93 114
DT 200 81.0 652 270 383 2 .65 85 3.95 655 3.85 2.80 87 109
nrs 250 102.0 821 253 568 2.2 55 3.80 630 - - 74 100
D19 300 104.0 837 247 591 2.20 65 3.70 640 se - 72 97
D114 400 95.0 765 2n 554 2.15% 60 3.50 570 e - v a 93
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. TABLE 5-4
INSTRUMENTED CHARPY IMPACT TEST RESULTS FOR MCGUIRE UNIT 1
WELD METAL AND HAZ METAL IRRADIATED

AT 4.14 x 10"® n/em? (E > 1 Mev)

Normalized Energies

Test Charpy Charpy WMax Tmum rop Yield Time Ma x i mum Time to Fracture Arrest Yield Flow

Samp e Temp Energy Ed/A Em/A Ep/A Load to Yield Loaa Max i mum Load Load Stress Stress

Number  (’F) (ft-ib) (ft-1b/in?) (kips) (psec) (kips) (psec) (kips) (kips) (ksi) (ksi)

weld Metal
DW8 o 4.0 32 25 7 -- -- 3.55 95 3.45 - - e
Dw12 76 12.0 97 33 64 3.10 100 3.30 125 3.30 0.75 102 105
oWl 120 24.0 193 139 54 3.00 85 3.75 355 3.65 1.05 99 1
Dwa 140 35.0 282 192 90 3.00 85 3.95 460 4. .00 1.40 99 115
DW1s 150 33 0 266 179 87 2.9 90 3.80 a5y 3.80 1.10 95 1"
DwW6 150 36.0 290 204 85 2.95 85 3.90 495 3.80 1.40 ag 114
DWS i75 31.0 250 156 93 2.95 85 3.75 395 3.75 1.60 97 110
w10 175 34.0 274 178 96 2.90 85 3.80 445 3.80 2.00 96 1m
Dw13 200 37.0 298 159 139 2.9 80 3.7 400 3.7% 2.05 95 110
ows 220 68.0 548 203 345 2 .60 70 3.85 495 - - 86 107
Ow2 220 71.0 572 228 344 2.65 85 3.85 560 -- -- 88 108
Dw1 250 71.0 572 201 370 2.7 85 3.80 505 - -- ar 108
owia 300 71.0 572 194 378 2.60 80 3.60 505 -- -- 85 102
DwW7 400 79.0 636 191 445 2.35 70 3.60 505 - - 78 99
DwW3 450 78.0 628 217 a1 2.15 60 3.55 580 -- - 70 94
HAZ Metal

DH 1 -50 7.0 56 i a6 e = 2.50 60 2.50 0.70 e i
oH9 (¢] 29.0 234 147 86 3.45% 90 4 .10 350 4.10 1.15 113 124
DHE8 50 37.0 298 103 195 3.35 85 3.85 260 3.75 2.25 m 119
DH13 50 42.0 338 184 155 3.35 85 4.15 420 4.20 2.90 m 124
DH10 76 35.0 282 99 183 3.10 80 3.65 260 3.45 2.10 102 1M
DH12 76 35.0 282 138 144 3.35 20 4.00 335 3.80 2.05 m 121
DH2 100 78.0 628 295 333 3.15 90 4.25 665 4.00 2.75 105 122
DH7 100 52.0 419 143 276 3.15 90 3.90 355 -- - 105 17
DH11 120 77.0 620 279 341 3.10 85 a.00 650 - -- 102 117
DHE 150 49.0 395 179 216 3.10 95 3.85 445 3.70 2.65 102 15
DHIS 150 83.0 668 287 381 2.90 90 4.20 665 -- -- 96 17
DH14 200 78.0 628 203 425 2. 90 85 3.80 500 -- -- 97 1
DH4 250 100.0 805 323 482 2.65 85 3.95% 770 - - 88 109
DH3 300 106.0 854 33a 519 2.50 75 3.85 815 -~ -- 82 105
DHS 400 119.0 958 286 672 2.30 55 3.70 725 - - 76 99
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Material

Plate B5012-1
(Transverse)

Rate B85012-1
(Losgitudinal)

weld metal

HAZ metal
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Figure 5-2. Charpy V-Notch Impact Data for McGuire Unit 1

TEMPERATURE (°F)

Reactor Vessel Shell Plate B5012-1
(Longitudinal Orientation)

510

122164

25
'Y
A ® 2.0
s 15 _
o :
- 05
0
(o} 160
L UNIRRADIATED
®
p— € 120
IRRADIATED (550°F) 80 _
i 4.14 X 1018 n/cm?2 2
P 40
45°F
45°F 20
| | | .
00 0 100 200 300 500



SHEAR (%)

LATERAL EXPANSION (mils)

ENERGY (ft-lb)

12216-5

100
80
60
40
20
0
100
80
60 -
£
E
40
20
0
140
120 |— — 160
UNIRRADIATED
100 |—
— 120
80 ® o
k! , 3
60 — - 80
40 }— IRRADIATED (550°F)
4.14 X 108 n/cm?2 — a0
20 —
. 9 g1 | | | o
-200 -100 0 100 200 300 400 500

TEMPERATURE (%F)

Figure 53. Charpy V-Notch Impact Data for McGuire Unit 1
Reactor Vessel Weld Metal

511



SHEAR (%)

LATERAL EXPANSION (mils)

ENERGY (ftib)

122166

100 250
| |
100
80
60
40
20
n
100 25
80 — 20
-t 18 -
- B
H
40 -4 10 <
20 — 05
0 0
160
— 200
140
o
120 o ° 5 . 160
UNIRRADIATED R
100
-4 120
80 3
60 \—IRRADIATED(550°F) —{ 80
@ 4.14 X 108 n/em?
40 o
2 — 40
20 °
" F SO L | | | | o
-200 -100 0 100 200 300 400 500

TEMPERATURE (°F)

Figure 5-4. Charpy V-Notch Impact Data for McGuire Unit 1
Reactor Vessel Weld HAZ Metal

512



12216C 4

DT-7 DT-15 DT-13 DT-8 DT4

DT-1 DT-3 DT-6 DT-10 DT-2

DT-14

DT-12 DT-1 DT-5

Figure 5-5. Charpy Impact Specimen Fracture Surfaces for McGuire Unit 1 Reactor
Vessel Shell Plate B5012-1 (Transverse Orientation)
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DL-1 DL-10 DL-5 DL-6 DL-14

DL-2 DL-4 DL DL-7 DL-12

DL-S DL-15 DL-3 DL-8

Figure 5-6. Charpy Impact Specimen Fracture Surfaces for McGuire Unit 1 Reactor
Vessel Shell Plate B5012-1 (Longitudinal Orientation)
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DwW-8 DW-12 DW-11 Dw-4 DW-15

DW-6 Dw-9 DW-10 DwW-13 DW-5

DW-14 DW-7 DW-3

DwW-2

Figure 5-7. Charpy Impact Specimen Fracture Surfaces for McGuire Unit 1
Reactor Vessel Weld Metal
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DH-12 DH-2 DH-7 DH-11 DH-6

DH-15 DH-14 DH-4 DH-3 DH-5

Figure 5-8. Charpy Impact Specimen Fracture Surfaces for McGuire Unit 1
Reactor Vessel Weld HAZ Metal
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Figure 5-9. Comparison of Actual versus Predicted 30 ft-Ib Transition
Temperature Increases for the McGuire Unit 1 Reactor Vessel
Material Based on the Prediction Methods of
Regulatory Guide 1,99, Revision 1
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This type of behavior is not unusual at neutron fluence levels less than
1« 1019 n/Euz for relatively high copper reactor vessel weld and base
materials (greater than 0.15 percent copper).

Weld HAZ specimens irradiated to 4.14 x 1018 n/cmz resulted in 30 ft-1b
and 50 ft-1b transition temperature increases of 90°F and 95°F, respectively,
as shown in figure 5-4. The upper shelf energy of the HAZ metal decreased by
10 ft-1b due to the irradiation.

The fracture appearance of each irradiated Charpy specimen from the various
inadiated materials is shown in figures 5-5 through 5-8. Each of the vessel
materials shows an increasing ductile or tougher appearance with increasing
test temperature.

5-3. TENSION TEST PESULTS

The results of tension tests performed on material from the reactor vessel
intermediate shell plate B5012-1 and weld metal irradiated to 4.14 x 1018
n/cm2 are shown in table 5-6 and figures 5-10 through 5-12. Plate B5012-1
test results are shown in figures 5-10 and 5-11 and indicate that irradiation
to 4.14 x 1018 n/cm2 caused ~6 ksi increase in 0.2 percent yield

strength and a 5 ksi increase in ultimate tensile strength. Weld metal
tension test results presented in figure 5-12 show that the 0.2 percent yield
strength and ultimate tensile strength increased ~ 18 ksi with irradiation.
The fractured tension specimens for the plate material are shown in figures
5-13 and 5-14, while the fractured tension specimens for the weld metal are
shown in figure 5-15. A typical stress strain curve for the tension tests are
shown in figure 5-16.
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TABLE 5-6
TENSILE PROPERTIES FOR MCGUIRE UNIT 1
REACTOR VESSEL MATERIAL IRRADIATED AT S550°F

10 4.14 x 10"® n/em? (E > 1.0 Mev)

Test 0.2% Yield Ultimate Fracture fracture Fracture uniform Total Reduct fon
Temperature Strength Strength Loaa Stress Strength Elongat fon Elongat ion in Area
Number Material ("F) (ksi) (ksi) (kip) (ksi) (ksi) (%) (%) (%)
DT3 Plate B5012-1 100 7%.3 91.3 3.06 173.2 62.3 1.7 23.7 64
om (transverse 200 68.8 87.6 3.18 152.2 64.7 10.5 20.6 57
orientation)
D12 550 64.7 87.6 3.22 126.5 65.6 10.5 19.0 48
DL Plate B5012-1 100 71.3 91.7 2.92 174 .4 59.5 11.4 25.7 66
DL3 (longitudinal 200 68.8 B86.6 2.7% 155.6 56.0 10.5 23.4 64
orientation)
oL2 550 63.7 87.6 3.00 181.7 61.1 9.7 20.3 66
Dws weld metal 175 78.9 93.1 3.30 214 .4 67.2 11.6 22.7 69
w1 weid metal 22% 77.4 92.1 3.20 169.9 65.2 1.3 .7 62
Dw2 weld metal 550 71.3 90.7 3.45 195.2 70.3 9.6 18.0 64
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Figure 5-10. Tensile Properties for McGuire Unit 1
Reactor Vessel Shell Plate 85012-1
(Transverse Orientation)
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12216C-1

SPECIMEN DT-1 200°F

SPECIMEN DT-2

Figure 5-13. Fractured Tensile Specimens From McGuire Unit 1 Reactor Vessel
Shell Plate B5012-1 (Transverse Orientation)
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Figure 5-14,

12216C-2

SPECIMEN DL-1 100°F

SPECIMEN DL-2 550°F

Fractured Tensile Specimens From McGuire Unit 1 Reactor Vessel
Shell Plate B5012-1 (Longitudinal Orientation)
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SPECIMEN DW-1 225°F

SPECIMEN DW-2

Figure 5-15. Fractured Tensile Specimens From McGuire Unit 1 Reactor
Vessel Weld Metal
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Figure 5 16. Typical Stress - Strain Curve for Tension Specimens




5-4. COMPACT TENS

The 1/2 T compact tension fracture mechanics specimens that were contained in

Lal

Capsule U have been stored at the Westinghouse Research and Development

Laboratory and will be tested and reported on at a later time.




SECTION 6
RADIATION ANALYSIS AND NEUTRON DOSIMETRY

6-1. INTROOUCTION

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 properties, changes observed in materials test specimens and
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 pressure vessel,
a relationship must be established between the environment at various
positions within the reactor vessel and that experienced by the test
specimens. The former requirement is normally met by employing a combination
of rigorous analytical technigques and measurements obtained with passive
neutron flux monitors contained in each of the surveillance capsules. The
latter information is derived solely from analysis.

This section describes a discrete ordinates Sn transport analysis performed
for the McGuire Unit 1 reactor to determine the fast neutron (E > 1.0 Mev)
flux and fluence, as well as the neutron energy spectra within the reactor
vesse! and surveillance capsules. The analytical data were then used to
develop lead factors for use in relating neutron exposure of the pressure
vesse! 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 U is presented.

6-2. DISCRETE ORDINATES ANALYSIS
A plan view of the McGuire Unit 1 reactor geometry at the core midplane is

shown in figure 6-1. Since the reactor exhibits 1/8th core symmetry, only a
0- to 45-degree sector is depicted. Six irradiation capsules attached to
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the neutron pad are included in the design to constitute the reactor vessel
surveillance program. Four capsules (U, W, X, Z) are located at 34° and two
(V, Y) at 31.5° from the cardinal axes shown in figure 6-1.

A plan view of a double surveillance capsule attached to the neutron pad is
shown in figure 6-2. The stainless steel specimen container is 1.182 inches
by 1 inch and ~56 inches in height. The containers are positioned axially

so that the specimens are centered on the core midplane, spanning the central
5 feet of the 12-foot high reactor core.

From a neutronic standpoint, the surveillance capsule structures are
significant. In fact, as is shown later, these structures have a marked
effect on the Jistributions of neutron flux and energy spectra in the water
annulus between the neutron pad and the reactor vessel. Therefore, in order
to properly ascertain the neutron environment 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 McGuire Unit 1 reactor
geometry, predictions of neutron flux magnitude and energy spectra were made
with the DOT[‘] two-dimensional discrete ordinates code. The radial and
azimuthal distributions were obtained from an R,0 computation wherein the
geometry shown in figures 6-1 and 6-2 was described in the analytical model.
In addition to the R,0 computation, a second calculation in R, geometry was
also carried out to obtain relative axial variations of neutron flux
throughout the geometry of interest. In the R,Z analysis, the reactor core
was treated as an equivalent volume cylinder and, of course, the surveillance
capsules were not included in the model.

Both the R,0 and R,Z analyses employed 47 neutron energy groups and a P3
expansion of the scattering cross sections. The cross sections used in the
analyses were obtained from the SAILOR cross section 11brary(5] which was
developea specifically for 1ight water reactor applications. The neutron
energy groun structure used in the analysis is listed in table 6-1.
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TABLE 6-1
47 GROUP ENERGY STRUCTURE

Lower Energy Lower Energy

Group (Mev) Group (Mev)

1 14,19f2] 25 0.183

2 12.21 26 0.111

3 10.00 27 0.0674

4 8.61 28 ¢ (409

5 7.41 29 0.0518

6 6.07 30 0.0261

7 4.97 3 0.0242

8 3.68 2 0.0219

9 3.01 33 0.0150

10 2.73 34 7,10 x 1073
11 2.47 35 3.36 x 1073
12 2.37 3 1.59 x 1073
13 2.35 37 4.54 x 107
14 2.23 38 2.14 x 107
15 1,92 39 1.01 x 1074
16 1.65 40 3.73 x 1070
17 1,35 41 1.07 x 107
18 1.00 4 5.04 x 1078
19 0.821 43 1.86 x 107
20 0.743 44 8.76 x 107
21 0.608 45 4.14 x 1077
22 0.498 46 1.00 x 1077
23 0.369 4 0.00
24 0.298 - v

a. The upper energy of group 1 is 17.33 Mev
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A key input parameter in the analysis of the integrated fast neutron exposure
of the reactor vessel is the core power distribution. For this analysis,
power distributions representative of timo-avorngo& conditicns derived from
statistical studies of long-term operation of Westinghouse four-loop plants
were employed. These input distributions include rod-by-r.d spatial
variations for all peripheral fuel assemblies.

It should be noted that this generic design basis power Jdistribution is
intended to provide a vehicle for long-term End-Of-Life (EOL) prejection of
vessel exposure. Since plant-specific power distribut'ons reflect only past
operation, their use for projection into the future m.y not be justified; the
use of generic data which reflects long-term operaticn of similar reactor
cores may provide a more suitable approach.

Benchmark testing of these generic power distribu’ions and tne SAILOR cross
sections against surveillance capsule data obtai'ied from two-loop and
four-loop Westinghouse plants indicate that thi; analytical approach yields
conservative results, with calculations exceeding measurements from 10 to 25
porco.t[sl.

One further point of interest regarding thu:se analyses is that the design
basis assumes an out-in fuel loading pattarn (fresh fuel on the periphery).
Future commitment to low-leakage loading patterns could significantly reduce
the calculated neutron flux levels presented in section 6-4. In addition,
capsule lead factors could be changed influencing the withdrawal schedule of
the remaining surveillance capsules.

faving the results of the R,0 and ",Z calculations, three-dimensional
variations of neutron flux may be approximated by assuming that the following

relation holds for the applicable regions of ine reactor.

o(R.Z.G.Eg) . O(R.G.Eg) X F(Z.Eq) (6-1)
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where
o(R.Z,B.Eg) = neutron flux at point R,Z,0 within energy group g

o(R,e,Eg) = neutron flux at point R,0 within energy group g
obtained from the R,0 calculation

F(Z.Eg) = relative axial distribution of neutron flux within energy
group g obtained from the R,Z calculation

6-3. NEUTRON DOSIMETRY

The passive neutron flux monitors included in the McGuire Unit 1 surveillance
program are listed in table 6-2. The first five reactions in table 6-2 aie
used as fast neutron monitors to relate neutron fluence (E > 1.0 Mev) to
measured material property changes. To properly account for burnout of the
product isotope generated by fast neutron reactions, it is necessary to also
determine the magnitude of the thermal neutron flux at the monitor location.
Therefore, bare and cadmium-covered cobalt-aluminum monitors were also
included.

TABLE 6-2
NUCLEAR CONSTANTS FOR NEUTRON FLUX MONITORS CONTAINED IN
THE McGUIRE UNIT 1 SURVEILLANCE CAPSULES

Target Fission

Weignt Product Yield
Monitor Material Reaction of Interest Fraction Half-Life %)
Copper ® (n,a) 089 0.6917 5.27 years -
Iron Fe°! (n,p) #n>* 0.0585 314 days -
Nicke! NI (n,p) Co°O 0.6777 71.4 days -
Urarium-238[°] U238 (n,f) C3137 1.0 30.2 years 6.3
Neptunium-23708)  Np?37 (4,1) st 1.0 30.2 years 6.5
Cobalt-aluminunt®] €6 (n,r) CoB0 0.0015 5.27 years .-
Cobalt-aluminum Co°? (n,3) Co®0 0.0015 5.27 years -

a. Denotes that monitor is cadmium-shielded

84858 :1b-021385 6-7



The relative locations of the various monitors within the surveillance capsule
are shown in figure 4-2. The iron, nickel, copper, and cobalt-aluminum
monitors, in wire form, are placed in holes drilled in spacers at several
axial levels within the capsules. The cadmium-shielded neptunium and uranium
fission monitors are accommodated within the dosimeter block located near the
center of the capsule.

The use of passive monitors such as those listed in table 6-2 does not yield a
direct measure of the energy-dependent flux level at the point of interest.
Rather, the activation or fission process is a measure of the integrated
effect that the time- and energy-dependent neutron flux has on the target
material over the course of the irradiation period. An accurate assessment of
the average neutron flux level incident on the various monitors may be derived
from the activation measurements only if the irradiation parameters are well

known., In particular, the following variables are of interest.
of the reactor
energy response of the monitor
neutron energy spectrum at the monitor location
characteristy

The anal of the p i oni ysequent derivation of the average
neutron f1 ires ¢ letion of two operations. First, the disintegration
rate of product isotope per uni 455 0 itor must be determined. Second,

3 - m 3 . 1
n ordar to define a suitab C B (

ross section, the

"on energy spectru onitor location m calculated.

USRS

ua

The specific activity of each the monitors is determined using established
‘11

+
[7.8.9.10
. (7,8,9,10,11) T : .
ASTM procedures . . Following sample preparation, the activity

is determined by means of a lithium-drifted germanium, Ge(L1

. B d ~
e ¢ A 3

precision of sample weighing, the

ol . o~ 1 -~ s p 1 ~ E
the acceptable error calibration. Foi

W




McGuire Unit 1, the overall 20 dev'ation in the measured data is determined
to be +10 percent. The neutron energy spectra are determined analytically
using the method described in section 6-1.

Having the measured activity of the monitors and the neutron energy spectra at
the Incations of interest, the calculation of the neutron flux proceeds as
follows. The reaction product activity in the monitor is expressed as follows.

N n P.
0 _ Xt =Xt %
R = rfiyfs o(E)e(E)dE };‘1 ,-1 (1-e d (6-2)
max
where
- = induced product activity
No = Avogadro's number
A = atomic weight of the target isotope
f, = weight fraction of the target isotope in th~ target material
Y = number of product atoms produced per reaction

o(Z) = energy dependent reaction cross section
¢(E) = energy dependent neutron flux at the monitoi: location with

the reactor at full power .
Pj = average core power level during irradiation period j
Pmax =  maximum or reference core power level
A = decay constant of the product isotope
tj = length of irradiation period j

ty = decay time following irradiation period j

Because neutron flux distributions are calculated using multigroup transport
.methods and, further, because the prime inturest is in the fast neutron flux
above 1.0 Mev, spectrum-averaged reaction cross sections are defined so that
the integral term in equation 6-2 is replacei by the following relationship.
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/; o(E)¢(E)dE = 0 ¢ (E > 1.0 Mev)

where
(E)e(E)dE :
. " o(E)e(E)d I o.¢
- ./; e BL =S
*  o(E)dE N
1.0 Mev I %
9%91.0 Mev

’
Therefore, equation 6-2 is rewritten

N N P,
R=g2f, Y30 (E>10Mv) I pi— (1-e'%)) ™
. 351 Pmax
or, solving for the neutron flux,
' R
¢(E > 1.0 Mev) T .
0 - ' Aty "Mt (6-3)
f. Yo I pJ-(l-a jle"'d
LI j=1 "max

The total fluence above 1.0 Mev is then given by

n P,
#(E> 1.0 Mev) = o(E> 1.0 Mev) I 'S (6-4)
j=1 “max
where
; Pj ¢, = total effective full power seconds of reactor
j=1 . J operation up to the time of capsule removal

An assessment of the thermal neutron flux levels within the surveillance
capsules is obtained from the bare and cadmium-covered Co59 (n,¥) Coso data by
means of cadmium ratios and the use of a 37-barn, 2,200 m/sec cross section.

D-1
Rbare ['U']

¢
Th N n P.
of. Yo “At:, "\t (6-5)
i I pl-— (l-e ""j) e "'d
L =1 "max
where
0= Rbarc/RCd covered
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TABLE 6-5
SPECTRUM-AVLRAGED REACTION CROSS

CENTER OF McGUIRE UNIT 1 SURVEILLANCE

Reaction
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TABLE 6-7
COMPARISON OF MEASURED AND CALCULATED FAST NEUTRON FLUX
MONITOR SATURATED ACTIVITIES FOR CAPSULE U

Saturated Activity
Reaction Radial (dps/gm)

and Location Actual for Calculated for
Axial Position (cm) Capsule U Capsule U

g
F954 (n,p) Mn“d

N w O
nNO S

~no
(Vo)




TABLE 6-8
OF FAST NEUTRON DOSIMETRY FOR CAPSULE U

(E >.1.0 Mev)

.l
{n/cm®)

¢ (E >,1.0 Mev) K

(dps/gm) d : (n/cm*“-sec)

H::) ',,"l_‘“,'ﬁ‘_i'(? ',,‘,‘_“32'”"9 Calculated

Adjusted Saturated Activity

t ion Measured Calculated Measu
54 4 " 18
08 x 10 19 x 10 12 10 3.75 x 10 4.78 x 10

>
. D IMn a ! )
11 18
27 4 .78

ol
a0

8% 78
78

6[a 11{a 18{la)
,l | ) 10 ! 1.4% 52 10 al 78

2
by O 88 to correct for 350 ppm H'}' impurity

adjusted saturated activity has Deen multiplied
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TABLE 6-9
RESULTS OF THERMAL NEUTRON DOSIMETRY FOR CAPSULE U

Saturated Activity (dps/gm)

®Th
Axial Location Bare Cd-covered gn/cmz-secz
Top 1.13 x 108 5.65 x 10’ 1.59 x 10%}
Middle 9.45 x 10’ 5.59 x 10’ 1.09 x 10!
Bottom 9.37 x 10’ 5.68 x 10 1.05 x 104}
AVERAGE 1.00 x 1¢8 5.64 x 10’ 1.24 x 10!
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APPENDIX A
HEATUP AND COOLDOWM LIMIT CURVES
FOR NORMAL “PERATION

A-1. INTRCOUCTION

Heatup and ccoldown 1imit curves are calculated using the most limiting value

(reference nil-ductility temperature). The most limiting RT
aterial in the core region of the reactor vessel is determined
using the preservice reactor vessel material properties and estimating

radiation-induced LRTNﬁT. RTNDY is designated as the nigher of either

the drop weight ni1l-ductility transition temperature (NPTT) or the temper

at which the material exhibits at least 50 ft-1b of impact energy

lateral expansion (normal to the major working direction) minus

?TNA- increases as the n rial is exposed to fast-neutron

Therefore, to find the most limiting ;vNP’ at any time perio
J |

s life, :P’NC- du o the radiation exposure assoc
period must be added the original unirradiated RT
shift in RT,ny i ant certain chemical elemen
phosphorus) present
the effect of fluence an ~ and phosphorus

reactor vessel steels a in figure A-1

gl

contents of the most limiting material,

estimated from figure A-1
g

is at an
azimuthal angle of 6 the vessel inner

thickness), and 3/4 T | thickness) vessel

ocations are given a function of full-power service life in figure A-

NDT

the

.

ature

the

-

7z
C

The data for all ferritic materials in the reactor coolant pressure

boundary are examined to ensure that no other component will be

NU
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The preirradiation fracture-toughness properties of the McGuire U

vessel materials are presented in table A-1. The fracture-tou
properties of the ferritic material in the reactor coolant pressur
are determined in accordance with the NRC Regulatory Standard Revi

re1

an*““, The postirradiation fracture-toughness properties of the reactor

~
-

vessel beltline material were obtained directly from the McGuire Unit 1 Vesse

Material Surveillance Program.

ALLOWABLE PRESSURE-TEMPERATURE REL

1

for calculating the allowable 1imit curves for

N

own rates specifies that the total stress intensity f
thermal and pressure stresses at any time du
greater than the reference stress intensity
temperature at that time. K is obtained from
defined 1 dix G to the ASM

the fol

reference stress intensity factor as

temperature T and the metal reference

INT

N




=
"

stress intensity factor caused by membrane (pressure) stress
Ky = stress intensity factor caused by the thermal gradients

KIR = function of temperature relative to the RvNDT of the material
C = 2.0 for Level A and Level B service limits

QL \V

C = 1.5 for hydrostatic and leak test - ‘nditions during which the reactor

At any time during the heatup or cooldown transient, Kip 1s determined by
the meta! temperature at the tip of the postulated flaw, the appropriate value
for RTypy, and the reference fracture toughness curve. The thermal stresses
esulting from temperature gradients through the vessel wall are calculated
and then the corresponding (thermal) stress intensity factors, K,,, for the
eference flaw are computed. From equation A-2, the pressure stress intensity
factors are obtained and, from these, the allowable pressures are calculated.
For the calculation of the allowable pressure versus coolant temperature
during cooldown, the reference flaw of Appendix G to the ASME Code is assumed
to exist at the inside of the vessel wall. During cooldown, the controliing
ocation of the flaw is always at the inside of the wall because the thermal
gradients produce tensile stresses at the inside, which increase with

increasing coolcdown rates. Allowable pressure-temperature relations are
generated for both steady-state and finite cooldown rate situations. From
these relations, composit imit curves are constructed for each cooldown rate
0T 1nterest

. The use of the composite curve in the cooldown analysis is necessary because

control of the cooldown procedure is based on measurement of reactor coolant
) emperaiture, wnereas ine niting pressure actua y depencdent on the

at the tip of the assumed flaw.




ooldown, the 1/4 T location i t a higher temperature than the

fluid adjacent to the vessel ID. ' iti of course, is not
the steady-state situation. It foll ) at any given reactor

temperature, the A7 developed during cool results in a higher value of

K;n at the 1/4 T lccation for finit 01 ) rates than for steady-state

operation. Furthermore, if conditions exist so that the increas
exceeds K,., the calcu allowable pressure during cool

'
r
il

greater than the s value.
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iecreased at
composite curve
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ons assuming the

the inside o | wall. The thermal
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stresses ( by internal pressure. The m

s t ant mperature; therefore, the K

.

hcatup i than the K., for the ]1/4

-
conagilti ¢ \ same coolant temperature.

t the of  t transient, conditions may exist
compressive thermal st and lower K,,'
other, a the pressure-temperat curve based .
longer represents a lower bound
when the
t ant temperature lower value of

ulated for steady-:tate and finite heatup rates




The second portion of the heatup anal

pressure-temperature limitations for

surface flaw is assumed. Unlike the
the thermal gradients estabiished at
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HEATUP AND COOLDOWN LIMIT CURVES

Limit curves for normal heatup and cooldown of the primary Reactor Coolant
System have been calculated using the methods discussed in section A-3. The
derivation of the limit curves is presented in the NRC Regulatory Standard

Review PTan.Ld]

Transition temperature shifts occurring in the pressure vessel materials due
to radiation exposure have been obtained directly from the reactcr pressure

vessel surveillance program. Charpy test specimens from Capsule U indicate

€
that the surveillance weld metal and limiting core region intermediate shell

NDT of 160°F a
respectively. These shifts at a fluence of 4.l4x10‘8 n,:mz are well

plate heat no. B5012-1 exhibited shifts in RT nd 45°F,

within the appropriate design curve (figure A-1) prediction. As a result, the

heatup and cooldown curves are based on the ‘ ' in figure A-1 for

the most 1imiting beltline maierial which
The resultant heatup

normal operatio e reactor vessel

and represent an of ional ti

not impacted by 10CRF50

Allowable combinations of temperature and ific temperature

change rates are below and to the right lin lines shown on the heatup

and cooldown curves. The reactor must not

pressure-temperature combinations are to ight of th: criticality limit

line shown in figure A-3. Thi

met befcre the reactor is made

Tm3
m

the leak test pressu ified by applicable
curve was determined by methods of references 2

%

A-4 define limits for ensuring prevention of nonductile
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