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SECTION 1
SUMMARY OF RESULTS

The analysis of the reactor vessel material contained in Capsule T, the first surveillance
car<iule to be removed from the Tennessee Valley Authority Sequoyah Unit 2 reactor
présou: * vessel, led to the following conclusions

Irradiation of the reactor vessel intermediate shell forging 05, to 2.20 x 10" n'cm
resulted in both 30 and 50 ft-Ib transition temperature increases of 25"~ for speci-
mens oriented normal to the major working direction (axial onentation) and 60°F for
specimens oriented in the major working direction (tangential orientation)

Weld metal irradiated to 2.20 x 10" n/cm? resulted in a 30 and 50 ft-lb trancition
temperature increase of 80 and 75°F, respectively

The average upper sheif energy of the limiting forging (05) decreased from 88 to
82 ft-Ibs and the limiting weld metal decreased from 112 to 110 ft-lbs. Both materials
exhibit a more than adequate shelf level for continued safe plant operation

Comparison of the 30 ft-Ib transition temperature increases for the Sequoyah Unit
2 surveillance material with predicted increases using the methods of NRC Hegu-
latory Guide 1.99, Revision 1, shows that the weld metal transition temperature
increase was greater than predicted Since the transition temperature increase was
greater than predicted, the future operating limits for the vessel, shown in Appen
dix A, were based on a predicted trend curve which passed through the actual
increase in transition temperature as determined from the irradiated weld metal
specimens




SECTION 2
INTRODUCTION

This report presents the results of the examination of Capsule T, the firs. capsule to be
removed from the reactor in the continuing surveillance program which monitors the effects
of neutron irradiation on Sequoyah Unit 2 reactor pressure vessel materials under actual
operating conditions

The surveillance program for Sequoyah Unit 2 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 Yanichko."'! The surveillance program was planned to cover
the 40-year design life of the reactor pressure vessel and was based on ASTM E-185-
73, "Recommended Practice for Surveillance Tests for Nuclear Reactors. ¥ Westinghouse
Nuclear Energy Systems personnel were contracted for the preparation of procedures for
removing the capsule from the reactor 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 was performed

This report summarizes testing and the postirradiation data obtained from surveillance
Capsule T removed from Sequoyah Unit 2 reactor vessel, and discusses the analysis of
these data




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 neutron bombardment. The overall
effects of fast neutron irradiation on the mechanical properties of low alloy ferritic pressure
vessel steels such as A508 Class 2 (base material of the Sequoyah Unit 2 reactor pressure
vessel heltline) are well documented in the literature. Generally, low alloy ferritic materials
show an increase in hardness and tensile properties and a + crease 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 Non-ductile Failure,” Appendix G to Section
Il of the ASME Boiler and Pressure Vessel Code. The method utilizes fracture mechanics
concepts and is based on the reference nil-ductility temperature RTNDT

RTNDT is defined as the greater of either the drop weight nil-ductility transition temperature
(NDTT per ASTM E-208) or the temperature 60°F less than the 50 ft-Ib (and 35-mil lateral
expansion) temperature as determined from Charpy specimens oriented normal (trans-
verse) to the major working direction of the material. The RTypT of a given material is
used to index that material to a reference stress intensity factor curve (K|g curve) which
appears in Appendix G of the ASME Code. The K|g curve is a lower bound of dynamic,
crack arrest, and static fracture toughness results obtained from several heats of pressure
vessel steel. When a given material is indexed to the Kjg 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

RTNDT 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 or changes in mechanical properties of a given reactor pressure vessel
steel can be monitored by a reactor surveillance program such as the Sequoyah Unit 2
Reactor Vessel Radiation Surveillance Program,'"! in which a surveillance capsule is

periodically removed from the operating nuclear reactor and the encapsulated specimens




are tested. The increase in the average Charpy V-notch 30 ft-lb temperature (ARTNDT)
jue to irradiation is added to the original RTypT to adjust the RTypT for radiation
embrittiement. This adjusted RTypT (RTnypT initial + ARTNDT) Is used to index the
material to the K)g curve and, in turn, to set operating limits for the nuclear power plant
which take into account the effects of irradiation on the reactor vessel matenals




SECTION 4
DESCRIPTION OF PROGRAM

Eight surveillance capsules for monitoring the effects of neutron exposure on the Sequoyah
Unit 2 reactor pressure vessel core region material were inserted in the reactor vessel
prior to initial plant startup. The capsules were positioned in the reactor vessel between
the thermal shield and the vessel wall at locations shown in Figure 4-1. The vertical center
of the capsules is opposite the vertical center of the core

Capsu'e T was removed after 1.04 effective full power years of plant operation. This
capsule contained Charpy V-notch impact, tensile, and WOL specimens (Figure 4-2) from
the intermediate shell forging 05 and submerged arc weld metal representative of the
core region of the reactor vessel and Charpy V-notch specimens from weld heat-affected
zone (HAZ) material

The chemistry and heat treatment of the surveillance material are presented in Table
4-1. The chemical analyses reported in Table 4-1 were obtained from unirradiated material
used in the surveillance program. In addition, a chemical analysis was performed on an
irradiated Charpy specimen from the weld metal and is reported in Table 4-1

All test specimens were machined from the 1/4 thickness location of the forgings. Test
specimens represent material taken at least one forging thickness from the quenched end
of the forging. Charpy specimens were machined from the forging in both the tangential
(longitudinal axis of specimen parallel to the major working direction) and axial (longitucinal
axis of the specimen perpendicular to the major working direction) orientations. Tensile
specimens were machined from the forging with the longitudinal axis of the specimen
perpendicular to the major working direction

Charpy V-notch and tensile specimens from the weld metal were oriented with the lon-
gitudinal axis of the specimens transverse to the welding direction

Capsule T contained dosimeier wires of pure iron, copper, nickel, and aluminum-cobalt
(cadmium-shielded and unshielded). In addition, cadmium-shielded dosimeters of Nep
tunium (Np?*") and Uranium (U#*®) were contained in the capsule and located as shown
in Figure 4-2




Thermal monitors mace from two low-melting eutectic alloys and sealed in Pyrex tubes

were included in the capsule and were located as shown in Figure 4-2. The two eutecti

alloys and their melting points are

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 (310°C
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Figure 4-1 Arrangement of Surveillance Capsules in the Sequoyah Unit 2
Reactor Vessel (Updated Lead Factors for Capsules Shown in
Parentheses)




TABLE 4-1
CHEMICAL COMPOSITION AND HEAT TREATMENT OF THE
SEQUOYAH UNIT 2 REACTOR VESSEL
SURVEILLANCE MATERIALS

Chemical Composition (WT-%)

Forging 05 Rotterdam
Heat No. 288757/981057 Dockyard Weld Metal
Element Westinghouse Analysis'* Analysis Westinghouse Analysis'®

0.18 0.19 0.095
0.018 0.013 0.013
0.009 0.012
0.001 - 0.001
013 013
0.27 0.22 0.41
N /4 ner nEN
0.74 0.78 011
0.72 0.70 1.50
0.33 0.34 0.085
0.022 0.01 0.002
0.018 0.014 0.016
0.002 0.002
0.009

Heat Treatment

Heat Treatment

Material Temperature Time (hr) Coolant

('F)

intermediate 1675°F = 25°F | /2 Water Quenched
Shell Forging 05 1225 v 25°F ) Furnace cooled to 815
Heat No. 288757/981057 | 1130°F =+ 25°F . Furnace cooled

Weldment 1130°F 25 Furnace cooled
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SECTION 5
TESTING OF SPECIMENS FROM CAPSULE T

8-1 OVERVIEW

The postirradiation mechanical testing of the Charpy V-notch and tensile specimens was
performed a* the Westinghouse Research and Development Laboratory with consultation
by Westinghouse Nuclear Energy Systems personnel. Testing was performed in accor-
dance with 10CFR50, Appendices G and H, ASTM Specification E185-82 and Westing-
house Procedure MHL 7601, Revision 3 as modified by RMF Procedures 8102 and 8103

Upon receipt of the capsule at the laboratory, the specimens and spacer blocks were
carefully ramoved, inspected for identification number, and checked against the master
list in WCAP-8513."" No discrepancies were found

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

Tha Charpy wnpact tests were performed per ASTM Specification E23-82 and RMF Pro-
cedure 8103 on a Tinius-Olsen Model 74, 358J machine. The tup (striker) of the Charpy
machine is instrumented with an Effects Technoloay 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 (Ep). From the load-time curve, the load of
general yielding (Pgy), the time to general yielding (tgy), the maximum load (Pyy), and
the time to maximum load (t)4) 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
intiated is identified as the fasi fracture load (Pg), and the load at which fast fracture
terminated is identified as the arrest load (Py)

The energy at maximum load (Epy) was determined by comparing the energy-time record
and the load-time record. The energy at maximum load is approximately egiva.ent to
the energy required to initiate a crack in the specimen. Therefore, the prepagation energy
for the crack <ELD9 s the difference between the tutal energy to fracture (Ep) ancd 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

Percentage shear was determined from postfracture photographs using the ratio-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. All
pull rods, grips, and , ins were made of Inconel 718 hardened to Rc45. The upper pull
rod was connected through a universal joint to improve axiality of loading. The lests were
conducted at a constant crosshead speed of 0.05 inch 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 EB83-67

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 diectly to the specimen
the following 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 test configuration, with a slight load
on the specimen, a plot of specimen temperature versus upper and lower grp and con
troller temperatures was developed over the range room temperature to 550°F (288°C)
The upper grip was used to control the furnace temperature During the actual testing the
grip temperatures were used to obtain desired specimen temperatures Experiments indi-
cated that this method is accurate to plus or minus 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, ulimate strength
and fracture strength were calculated using the ornginal cross-sectional area The final
diameter and final gage length were determined from postfracture photographs. The
fracture area used to calculate the fracture stress (true stress at fracture) and percent
reduction in area was computed using the final dilameter measurement




5.2. CHARPY V-NOTCH IMPACT TEST RESULTS
The results of Charpy V-notch impact tests pertormed on the
n Capsule T irradiated at 2.20 x 10" n'cm* are present2d in labies 5-1 through 5-8 and

F.qur(}g 5-1 through 5-4. A summary of the transition temperature increases and upper

shelf energy decreases for the Capsule T material is shown In Table 5-9

irradiation of vessel ysrmadiate shell forging 05 matenal specimens (axial orientation)
to 2.20 x 10" n/cm? (Figure 5-1) resulted in both 30 and 50 #-Ib transition temperature
ncreases of 25°F and an unper shelt nergy decrease of 6 it-Ib. Irradiation f vesse
intermediate shell forging 05 matenal (tangential orientation 2.20 x 1( yem? (Figure
5-2) resulted in both 30 and 50 fi-1b transition temperature incr of 6( nd an upper

shelf energy decrease of

Weld metal irradiated to 2.20 x 10" n.cm? (Figure 5-3 sulted in both 30 and 50

transition temperature increases of 80 F and 75 F, res er shelf er

IV

decrease of 2 ft-Ib

Weld HAZ metal irradiated to 2.20 x 10
50 ft-lb transition temperature increases |
decrease of 2 ft-ib

f each irradiated Charpy specimen from the varicus materials

The fracture appearance o
is shown in Figures 5-5 through 5-8 and show an increasing ductile or tougher appearance

with increasirg test temperature

Figure 5-9 shows a comparson of the 30 ft-Ib transition temperature increases for the
various Sequoyah Unit 2 surveillance materais with predicted increases using the methods
of NRC Regulatory Guide 1.99, Revision 1 his comparison shows that the transition
temperature increases resulting from irradiation to 2.20 x 10'* n/cm¢ are less than predicted
by the Guide for the axial and tangential orientations of forging 05. The weld metal transition

{

temperature increase resulting from 2.20 x 10'® n/cm? is greater than predicted by the
! J .

Guide. Therefore, a trend line passing through the actual increase in transition temperature

as determined from the irradiated weld specimens was used to set future operating limits

for the vessel (Appendix A)

5-3. TENSION TEST RESULTS

The results of tension tests performed on forging 05 (axial onentation) and weld metal
irradiated to 2.20 x 10" n/cri* are shown in Table 5-10 and Figures 5-10 and 5-11
respectively. These results show that irradiation producec an increase in 0.2 percent yield
strength of 7 to 8 ksi for forging 05 and approximately 6 ksi for the weld metal. Fractured
tension specimens for each of the materials are shown in Figure 5-12 A typical stress

strain curve for the tension specimens is shown in Figure 5-13




5-4. WELD OPENING LOADING TESTS
Test results for weld opening loading (WOL) fracture mechanics specimens contained in

Capsule T will be reported at a later ime




TABLE 5-1

CHARPY V-NOTCH IMPACT DATA FOR THE SEQUOYAH UNIT 2
INTERMEDIATE SHELL FORGING 05 (AXIAL ORIENTATION)
IRRADIATED AT 550°F, FLUENCE 2.20 x 10" n/cm? (E ~ 1 MeV)

Temperature Impact Energy Lateral Expansion

Sample Shear
No. C (F) Joules (ft-Ib) MM (mils) (%)

NT54 32 (—-295) 245 (18.0) 0.42 (16.5)
NTS55 18 ( 0 36.5 (27.0) 0.62 (24.5)
NT53 4 25) 395 (29.0) 0.58 (23.0)
NT52 4 25) 27.0 (20.0) 0.51 20.0)
NT59* 10 50)

NT50 24 75) 918 (38.0) C.90 (35.5)
NT60 24 ( 75 . (35.0) 0.85 (33.5)
NT56 28 ( 100) (64.0) 1.40 (55.0)
NT58 56 150) (75.0) 1.45 (57.0
NT51 93 ( 200) (81.0) 1.50 (59.0
NT49 ( 250) (82.0) 1.82 (71.5)
NT57 300) (84.0) (66.0)




TABLE 5-2

CHARPY V-NOTCH IMPACT DATA FOR THE SEQUOYAH UNIT 2
INTERMEDIATE SHELL FORGING 05 (TANGENTIAL ORIENTATION)
IRRADIATED AT 550°F, FLUENCE 2.20 x 10" n/cm? (E ~ 1 MeV)

Temperature Impact Energy Lateral Expansion
Sample | ! ! Shear

No. C (F) Joules (ft-Ib) MM (mils) (%)

NL38 46 50) 120 ( 9.0 0.19 ( 7.5)
NL36 32 25) 120 ( 9.0 0.23 ( 9.0
NL33 18 0) 555 ( 41.0) 0.71 (28.0)
NL35 4 25) 690 ( 51.0) 1 (39.5)
NL34 38 ( 100) 880 ( 650 3 (49.5)
NL37 56 ( 150) 1435 (106.0) (77.0)
NL39 93 ( 200) 1615 (119.0) 2 (82.5)
NL40 ( 300) 1585 (117.0) 2.26 (89.0)




TABLE 5-3

CHARPY V-NOTCH IMPACT DATA FOR THE SEQUOYAH UNIT 2
PRESSURE VESSEL WELD METAL IRRADIATED AT 550°F,
FLUENCE 2.20 x 10" n/cm? (E > 1 MeV)

Temperature Impact Energy Lateral Expansion

Sample
No. C (F) Joules (ft-lb) MM (mils)

w58 32 25) 515 ( 38.0) 0.85 (33.5)
W49 32 25) 855 ( 63.0) 1.21 47.5)
W53 18 0) 19.0 14.0) 0.29 (11.5)
W55 4 25) 42.0 31.0) 0.72 (28.5)
W50 4 ( 25 205 ( 15.0) 0.42 16.5)
W52 10 50) 130.0 96.0) 217 (85.5)
W54 24 ( 795) 96.5 71.0) 1.51 (59.5)
W59 38 100) 42.0 31.0) 0.67 (26.9)
W60 52 125) 1545 (114.0) ' (88.5)
W51 66 150) 153.0 (113.0) A K (84.0)
W56 93 200) 1585 (117.0) 2.1 (85.5)
W57 49 300) 133.0 ( 98.0) 2.16 (85.0)




TABLE 5-4

CHARPY V-NOTCH IMPACT DATA FOR THE SEQUOYAH UNIT 2
PRESSURE VESSEL WELD HEAT AFFECTED ZONE MFTAL
IRRADIATED AT 550°F, FLUENCE 2.20 x 10" n/cm? (E ~ 1 MeV)

Temperature

Impact Energy Lateral Expansion

Sample : Shear
No. C (F) Joules (ft-Ib) MM (mils) (%)

H50 32 25) 285 ( 21.0) 0.33 (13.0) 11
H51 18 0) 555 ( 41.0) 0.75 (29.5) 49
H49 18 0) 80.0 ( 59.0) 7€ (30.0) 69
H53 4 815 ( 60.0) 03 (40.9) 66
H59 10 ( S50 965 ( 71.0) 21 (47.5) 67
H54 1110 ( 82.0) 38 (54.5) 78
H60 38 1520 (112.0) 64 (64.5) :

H57 52 | 570 ( 42.0) 91 (36.0) 63
HE2 66 161.5 (119.0) ‘ (76.5)

H56 93 1625 (122.0) 83 (72.0)

H55 167.0 (123.0) 93 (76.0)

H58 1180 ( 87.0) 1.85 (73.0)




TABLE 55
INSTRUMENTED CHARPY IMPACT TEST RESULTS FOR
SEQUOYAH UNIT 2 INTERMEDIATE SHELL
FORGING 05 (AXIAL. ORIENTATION)

Normalized Energies

Test | Charpy Charpy Maximum | Prop | Yield T'me | Maximum!| Time to |Fraciure  Arrest Yield | Flow
3ample Temp. Energy | EdA EmA EpA  Load to Yield Load |Maximum|/ Load | Load Stress | Stress
No (C) | (Joules) | (kJm?) | (kJ'm?) (kdm?) | (N) (nSec) (N) (nSec) (N) (N) | (MPa) | (MPa)

245 30¢ ) 68 | 14,000 90 17.600 28" 17.000 : 719 811
36 88 3.900 2% 18,500 § 18,000 714 832
270 13,500 16,100 15,900 692 760
395 5.100 30 18,500 18,500 6 865

18,600 18,200 & 848
18,000 18.000 2 826
19.000 17,200 o1 865
18.600 13.800 2< 843
17,500 11,700 779
16,700 : 707

17,700 05 > 7% 743
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TABLE 56

INSTRUMENTED CHARPY IMPACT TEST RESULTS FOR
SEQUOYAH UNIT 2 INTERMEDIATE SHELL
FORGING 05 (TANGENTIAL ORIENTATION)

| Normaiized Energies
Test  Charpy |Charpy | Maximum Prop | Yield | Time  Maximum Time to  Fracture Arrest Yield Flow
Sample Temp. Energy EdA EmA EpA  Load to Yield| Load Maximum ' Load | Load |Stress | Stress
No.  (C) |(Joules) (kJm?) (kIm?)  (kJm?) (N) | (uSec) (N) (1 Sec) (N) (N) | (MPa) | (MPa)
NL3E % | 1120 153 82 70 |15500 90 16,700 125 16,900 o| 795 | 827
NL36 32| 120 153 82 70 |14700 85 15,700 125 15,600 o| 754 | 780
NL33 18| 555 | 695 602 93 [16400/ 90 | 20800 580 | 20,700 0| 844 | 957
NL3S 4 690 | 884 539 325 |14,100/ 100 19.000 585 18.300 0| 726 | 853
| NL34 38 880 | 102 613 489 [14200] 90 19.200 645 19.000 | 5600 | 731 | 859
| NL37 66 | 1435 | 179 601 1195 (13200 85 18.500 655 13800 | 8900 | 678 | 816
| NL3S 93| 115 | 2017 577 1440 {13100 90 18.200 640 672 | 805
| ouol 149 | 1585 | 1983 | 729 | 1254 [11100] 120 | 16700 | 700 - s72 | 715 |




TABLE 5-7
INSTRUMENTED CHARPY IMPACT TEST RESULTS FOR
SEQUOYAH UNIT 2 WELD METAL
Normalized Energies l
Test  Charpy Mrw Prop Yield Time Maximum Time to Fracture Avest Yield | Flow
Sample Temp. Energy EdA | EmA | EpA |Load toYield Load |Maximum| Load | Load |Stress Stress
No.  (C) (Joules) (kdm?) (kIm) |(kdm’) (N) | (uSec) (N) (1 Sec) (N) (N) | (MPa) | (MPa)
X w49 32 855 | 1068 577 491 (15400, 95 19,100 600 18100 | 200 | 791 | 887
- W58 32! 55| 64 515 129 (13700 80 17,700 570 17,600 ¢c| 706 | 808
ws3 8| 190 237 197 41 (14900 85 17.100 235 17100 | 100 | 765 | 823
W50 4| 205 254 192 62 (13400, 85 15,800 250 15800 | 1200 | 688 | 751
w55 4| 420 525 377 148 (13900 15 17.800 44c 17,100 0| 713 | 815
S 16| 1300 | w27 593 1034 (13300 100 17,800 &7 10,700 0| 683 | 800
| WS4 24 965 | 1203 595 €33 [13300; 125 17,800 700 14800 | 7600 | 685 | 801
| wse 38| 40| 55| 3 143 |13400| 85 | 17.000 445 | 16900 | 4300 | 688 | ™™
} Wl 52| 1545 | 1932 622 1310 (11800 90 16,100 765 605 | 718
| WSt | 66! 1530 | 1915 574 1341 (11900 80 | 16800 675 613 | 738
W56 93 1585 | 1983 624 1359 [12300) 90 17,700 705 635 | /M
W57 | 149 | 1330 | 1661 480 1181 10000 85 14,600 655 516 | 634




TABLE 5-8

INSTRUMENTED CHARPY IMPACT TEST RESULTS FOR
SEQUOYAH UNIT 2 WELD HEAT AFFECTED ZONE METAL

; = L Normalized Energies " 1
| | { | |

| Time lllmumum‘t Time to 2Fracturei Arrest| Yield | Flow
Load to Yield| Load EMaximum[ Load Load |Stress  Stress ;
(N) |(uSec)| (N) | (uSec) | (N) | (N) |(MPa)|(MPa)

: | T T
; | Test | Charpy iCharpy'Maximumi Prop | Yield
| Sample | Temp.| Energy | Ed/A EmA | EpA

z - i
No. | ('C) | (Joules)| (kJ/m?) | (kJ/m?) }(ksz)g

|
!
, | l
t + +
1 + + ! ‘ t + b
‘ \
|

H50 | -32| 285 | 35 | 337 19 {16,900 | 20600 | 335 | 20600 | 0| 869 | 964
He9 | -18 | 800 | 1000 693 | 307 [1,300] 90 | 21,100 | 665 | 20,700 | 5900 | 840 | 962
W51 | -18| 555 | 695 | 397 | 298 !15,7001 | 19,500 | 430 | 19,400 | 5000 | 809 | 906
W53 | 4| 815 | 1017 | 527 | 490 [14,000| | 19000 | 560 | 17,000 | 200 | 718 | 848
mse | 10| 965 | 1203 | 482 | 721 [15300) 90 | 19400 | 500 | 18,100 | 9100 | 786 | 893
H54 | 24| 1110 | 1390 | 555 | 834 114.800:‘ 90 | 19500 | 575 | 12,000 | 5500 | 763 | 882
H60 | 38| 1520 | 1898 | €28 | 1270 |15200/ 90 | 20,200 630 13,700 | 6200 | 782 | 910
H57 | | s70 | 72 | 472 | 240 |14500| | 19200 | 505 | 18.700 | 4900 | 748 | 869
M52 | 66| 1615 | 2017 | 632 | 1384 (13800 90 | 19500 | 665 | , 712 | 858
H56 | 93| 1625 | 2034 739 | 1295 [13,600) 19,900 755 | 702 | 864
H58 | | 1180 | 1474 | 481 | 994 |10500]| | 16,700 585 540 | 700
H5S | ; | 2085 | 643 | 1441 [13,100] | 18200 | 715 | ‘ | 674 | 805
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TABLE 5-9

EFFECT OF 550°F IRRADIATION AT 2.20 x 10" (E - 1 MeV)
ON THE NOTCH TOUGHNESS PROPERTIES OF THE
SEQUOYAH UNIT 2 REACTOR VESSEL MATERIALS

Average Average 35 mil Average Average Energy Absorption
30 ft-Ib Temp ('F) Lateral Expansion Temp (°F) 50 ft-Ib Temp (°F) at Full Shear (ft-ib)
Material | Unirradiated  Irradiated| AT |Unirradiated | Irradiated | AT | Unirradiated | Irradiated | AT | Unirradiated | Irradiated | A (ft-Ib)
Forging 05 0 25 |25 20 50 30 60 85 25 88 82 6
Axial)
Forging 05 70 10 |60 45 20 |65 25 3% |60 134 118 16
(Tangential)
Weld Metal 75 S 80 50 15 65 40 35 75 112 110 2
HAZ Metal 60 10 50 25 15 40 30 20 50 122 120 2
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TENSILE PROPERTIES FOR SEQUOYAH UNIT 2

TABLE 5-10

REACTOR VESSEL MATERIAL IRRADIATED TO 2.20 x 10" n'em®

Test | .2% Yield Ultimate | Fracture | Fracture | Fracture | Uniform Total Reduction
Sample Temp | Strength | Strength Load Stress | Strength | Elongation | Elongation | in Area
No. Material | (F) (ksi) (ksi) (kip) (ksi) (ksi) (%) (%) (%)
Forging 05
NT9 {Axial) 200 66.6 845 295 1£8.4 60.1 97 20.2 62
Forging 05
NT10 (Axial) 550 615 86.0 3.30 147 1 §7.2 95 184 54
| Weld
w10 Metal 150 68.2 825 272 2216 554 S0 210 75
Weld
W38 Metal 550 63.2 80.3 3.10 1708 63.2 78 16.0 63
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Figure 5-5. Charpy Impact Specimen Fracture Surfaces for Sequoyah Unit 2
Pressure Vessel Intermediate Shell Forging 05 (Axial Orientation)
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Figure 5-7. Charpy Impact Specimen Fracture Surfaces for Sequoyah Unit 2
Weld Metal
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Figure 5-8. Charpy Impact Specimen Fracture Surfaces for Sequoyah Unit 2
Weld Heat Affected Zone Metal
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Figure 5-12.  Fractured Tensile Specimens of Sequoyah Unit 2 Reactor Vessel
Intermediate Shell Forging 05 (Axial Orientation) and Weld Metal
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SECTION 6
RADIATION ANALYSIS AND NEUTRON DOSIMETRY

6-1. INTRODUCTION

Knowledge of the neutron environment within the pressure vessel/surveillance capsule
geometry is required as an integral part of LWR pressure vessel surveillance programs
for two reasons. First, in the interpretation of radiation-induced 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 techniques and mea-
surements obtained with passive neutron flux monitors contained in each of the surveil-
lance capsules. The latter information is derived solely from analysis.

This section describes a discrete ordinates Sy, transport analysis performed for the Sequoyah
Unit 2 reactor to determine the fast neutron (E > 1.0 MeV) flux and fluence as well as
the neutron energy spectra within the reactor vessel and surveillance capsules. The
analytical data were then used to develop lead factors for use in relating neutron exposure
of the pressure vessel to that of the surveillance capsules. Based on spectrum-averaged
reaction cross sections derived from this calculation, the analysis of the neutron dosimetry
contained in Capsule T is discussed and comparisons with analytical predictions are
presented.

6-2. DISCRETE ORDINATES ANALYSIS

A plan view of the Sequoyah Unit 2 reactor geometry at the core midplane is shown in
Figure 6-1. Since the reactor exhibits 1/8th core symmetry, only a zero- to 45-degree
sector is depicted. Eight irradiation capsules attached to the thermal shield are included
in the design to constitute the reactor vessel surveillance program. Four capsules
are located symmetrically at 4 and 40 degrees from the cardinal axes as shown in
Figure 6-1.
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Figure 6-1. Sequoyah Unit 2 Reactor Geometry
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A plan view of a single surveillance capsule attached to the thermal shieid is shown in
Figure 6-2. The stainless steel specimen container is 1-inch square and approximately
38 inches in height. The containers are positioned axially such that the specimens are
centered on the core midplane, thus spanning the central 3 feet nf the 12-foot-high reactor
core.

From a neutronic standpoint, the surveillance capsule structures are significant. In fact,
as is shown later, they have a marked effect on the distributions of neutron flux and energy
spectra in the water annulus between the th :rma! shield and the reactor vessel. Thus, 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 Sequoyah Unit 2 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,6 computation wherein the geometry shown in Figures 6-1 and 6-2 was described
in the analytical model. In addition to the R,6 computation, a second calculation in R,Z
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,6 and R.Z analyses employed 47 neutron energy groups and a P3 expaision
of the scattering cross sections. The cross sections used in the analyses were obtained
from the SAILOR cross section library®! which was developed specifically for light water
reactor applications. The neutron energy group structure used in the analysis is listed in
Table 6-1.

A key input parameter in the analysis of the integrated fast neutron exposure of the reactor
vessel is the core power distribution. For this analysis, power distributions representative
of time-averaged conditions derived from statistical studies of long-term operation of
Westinghouse 4-loop plants were employed. These input distributions include rod-by-rod
spatial variations for all peripheral fuel assemblies.
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TABLE 6-1

47 GROUP ENERGY STRUCTURE

Lower Energy I T Lower Energy
Group (MeV) . Group (MeV)

1 14,196 [ 25 1 0.183

2 12.21 26 E 0.111

3 10.00 27 | 0.0674

4 8.61 28 | 0.0409

5 7.1 29 | 0.0318

6 6.Q7 30 s 0.0261

7 4.97 31 | 0.0242

8 3.68 32 | 0.0219

9 3.01 33 'e 0.0150
10 2.73 | 34 i 7.10x10 *
11 2.47 | 35 ; 3.36x10 °
12 2.37 36 ! 1.59x10
13 2.35 37 ; 4 54x10 *
14 2.23 38 f 2.14x10 *
15 1.92 39 1 1.01x10 *
16 1.65 40 , 3.73x10 *
17 1.35 | 41 | 1.07x10
18 1.00 | 42 | 5.04x10 *
19 0.821 - ¢ 43 ; {.86x10 ©
20 0.743 ’ 44 | 8.76x10 7
21 0.608 | 45 | 4.14x10 7
22 0.498 | 46 ‘ 1.00x10 7
23 0.369 | 47 | 0.00
24 0.298 | |

{a] The upper energy of group 1 is 17.33 MeV
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It should be noted that this generic design basis power distribution is intended to provide
a vehicle for long-term (end-of-life) projection of vessel exposure. Since plant-specific
power distributions reflect only past operation, their use for projecticn into the future may
not be justified; the use of generic data which reflects long-term operation of similar reactor
cores may provide a more suitable approach

Benchmark testing of these generic power distributions and the SAILOR cross sections
against surveillance capsule data obtained from 2-loop and 4-loop Westinghouse plants
indicate that this analytical approach yields conservative results, with calculations exceed-
ing measurements from 10 to 25 percent.'®

One further point of interest regarding these analyses is that the design basis assumes
an out-in fuel loading pattern (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, thereby
influencing the withdrawal schedule of the remaining surveillance capsules.

Having the resuits of the R,6 and R,Z calculations, three-dimensional variations of neutron
flux may be approximated by assuming that the following relation holds for the applicable
regions of the reactor.

¢(R.Z.0Eg) = ¢(R.HEQ) X F(Z,Eg) (6-1)
where
&(R.Z,6Eg) = neutron flux at point R,Z.6 within energy group g
cb(R.BEg) = neutron flux at point R,6 within energy group g obtained from the
R.H 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 Capsule T of Sequoyah Unit 2 are listed
in Table 6-2. The first five reactions in Table 6-2 are 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.
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TABLE 6-2

NUCLEAR CONSTANTS FOR NEUTRON FLUX MONITORS CONTAINED IN
THE SEQUOYAH UNIT 2 SURVEILLANCE CAPSULES

Target | | Fission
- Weight = Product Yield
Monitor Material | Reaction of Interest = Fraction = Half-life (%)
Copper Cu® (n,a) Co® . 06917 | 527 years |
Iron Fes (n,p) Mns* ' 00585 | 314days |
Nickel Ni® (n,p) Co®® | 06777 | 714days |
Uranium-238i#i U2 (n f) Cs'’ F 10 ' 302years @ 6.3
Neptunium-2371 Np= (nf) Cs' | 1.0 30.2 years 6.5
Cobalt-aluminumi! Co* (n,y) Co*® . 0.0015 | 527 years
Cobalt-aluminum Co* (n,y) Co®® i 00015 | 5.27 years |

7579810032284

(a] Denotes that monitor is cadmium-shielded
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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
bloc:. iccated 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 maasu:e 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 foilowing variables are of interest.

8 The operating history of the reactor

El The energy response cf the monitor

®  The neutron energy specirum at the monitor location
®  The physical characteristics of the monitor

The analysis of the passive monitors and subsequent derivation of the average neutron
flux requires completion of two operations. First, the disintegration rate of product isotope
per unit mass of monitor must be determined. Second, in order to define a suitable
spectrum-averaged reaction cross section, the neutron energy spectrum at the monitor
location must be calculated.

The specific activity of each of the monitors is determined using established ASTM pro-
cedures.”#20.11 Following semple preparation, the activity of each monitor is determined
by means of a lithium-drifted germanium, Ge(Li), gamma spectrometer. The overall stan-
dard deviation of the measured data is a function of the precision of sample weighing,
the uncertainty in counting, and the acceptable error in detector calibration. For the
samples removed from Sequoyah Unit 2, the overall 20 deviation in the measured data
is determined to be plus or minus 10 percent. The neutron energy spectra are determined
analytically using the method described in paragraph 6-1.
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Having the measured activity of the monitors and the neutron energy spectra at the
locations of interest, the calculation of the neutron flux proceeds as follows. The reaction
product activity in the monitor 1s expressed as

where

n
N P
e finy.r(E)(b(E\dE E-~ L (1-e™) e *d (6-2)
A Pmax

induced product activity
Avogadro s number
atomic weight of the target isotope

= weight fraction of the target isotope in the target material

It

il

It

number of product atoms produced per reaction

energy dependent reaction cross section

energy dependent neutron flux at the monitor location with the reactor
at full power

average core power level during irradiation pericd |

maximum or reference core power level

decay constant of the product isotope

length of irradiation period |

decay *ime following irradiation period |

Because neutron flux distributions are calculated using muitigroup transport methods and,
further, because the prime interest is in the fast neutron flux above 1.0 MeV, spectrum-
averaged reaction cross sections are defined such that the integral term in equation
(6-2) is regplaced by the foliowing relation.

where

75798 10032284

f ¢ T(E)H(E)IE = & & (E > 1.0 MeV)

N

- 2 Tqb
f 7(E)b(E)dE ; 979
0 _9

SRR =T L - U
f H(E)dE Y i

t MoV

& =

99 10mev
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Thuz, equation (6-2) is rewritten

N

T
ofiyc¢(E>1.0MeV)2p

P" _
R=— (1-e™)) e d™d
A max

or, solving for the neutron flux,

&(E > 1.0 MeV) = 3

No. - P, 6-3
2Ltya 2 b (1-e™j) e ™d b
A " Pmax

the total fluence above 1.0 MeV is then given by

n

p
B(E> 1.0 MeV) = HE>10MeV) ¥ ) (6-4)
‘ Pmax '

where

n
2 P 2 total effective full power seconds of reactor

Pmax |  OPeration up to the time of capsule removal

=1

An assessment of the thermal neutron flux levels within the surveillance capsules is
obtairned from the bare and cadmium-covered Co* (n,y) Co*™ data by means of cadmium
ratios and the use of a 37-barn, 2,200 m/sec cross section. Thus,

Rbare [%11
®Th "4 § . (6-5)
I"- fiye S . I (1-e"j) e d

max

where D IS deﬂm as Rbare/RCd covered:

6-10 75798 15032284




6-4. TRANSPORT ANALYSIS RESULTS

Results of the S, transport calculations for the Sequoyah Unit 2 reactor are summarized
in Figures 6-3 through 6-8 and in Tables 6-3 through 6-5. In Figure 6-3, the calculated
maximum neutron flux levels at the surveillance capsule centerline, pressure vessel inner
radius, 1/4 thickness location, and 3/4 thickness location are presented as a function of
azimuthal angle. The influence of the surveillance capsules on the fast neutron flux
distribution is clearty evident. In Figure 6-4, the radial distribution of maximum fast neutron
flux (E > 1.0 MeV) through the thickness of the reactor pressure vessel is shown. The
relative axial variation of neutron flux within the vessel is given in Figure 6-5. Absolute
axial varnations of fast neutron flux may be obtained by multiplying the levels given in
Figure 6-3 or 6-4 by the appropriate values from Figure 6-5.

In Figure 6-6, the radial variations of fast neutron flux within surveillance capsules at 4
and 40 degrees are presented. These data in conjunction with the maximum vessel flux,
are used to develop lead factors for each of the capsules. Here the lead factor is defined
as the ratio of the fast neutron flux (E > 1.0 MeV) at the dosimeter block location (capsule
center) to the maximum fast neutron flux at the pressure vessel inner radius. Updated
lead factors for all of the Sequoyah Unit 2 surveillance capsules are listed in Table 6-3.

Since the neutron flux monitors contained within the surveillance capsules are not all
located at the same radial location, the measured disintegraticn rates are analytically
adjusted for the gradients that exist within the capsules so that flux and fluence levels
may be derivea on a common basis at a common location. This point of comparison was
chosen to be the capsule center. Analytically determined reaction rate gradients for use
in the adjustment procedures are shown in Figures 6-7 and 6-8 for capsules at 4 and 40
degrees. All of the applicable fast neutrnn reactions are included.

In order to derive neutron flux and fluence levels from the measured disintegration rates,
suitable spectum-averaged reaction cross sections are required. The neutron energy
spectrum calculated to exist at the center of each of the Sequoyah surveillance capsules
is listed in Table 6-4. The associated spectrum-averaged cross sections for each of the
fast neutron reactions are given in Table 6-5.
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TABLE 6-3

CALCULATED FAST NEUTRON FLUX (E > 1.0 MeV) AND LEAD
FACTORS FOR SEQUOYAH UNIT 2 SURVEILLANCE CAPSULES

Capsule Azimuthal S(E > 1.0 MeV) Lead |
Identification Location (deg) (n/cm*sec) . Factor |
S 4 3.04 x 10" T 1.02 |

v 4 3.04 x 10 102

w 4 | 3.04 x 10" 1.02

z 4 | 3.04 x 10 1.02

T 40 9.44 x 10" 317

U 40 | 9.44 x 10" | 347

X 40 ; 9.44 x 10" ‘; 317
Y 40 | 9.44 x 10" | 317 |

75798:1b032284



TABLE 6-4

CALCULATED NEUTRON ENERGY SPECTRA AT THE CENTER OF
THE SEQUOYAH UNIT 2 SURVEILLANCE CAPSULES

& (n/‘em?-sec) d {n/cm*sec)
Group : Group

No. 4" Capsules 40 Capsules No. 4" Capsules @ 40" Capsules

1.35x10 2.08x10 25 3.59x10¢ 3.42x10
4.85x10 7.65x10 26 8.10x10 3.29x10
1.56x10° .67x10 27 6.50x10° 2.67x10

74x10 4 89x10° 28 4.80x10° 1.99x10

32x10° 8.20x10° ) 1.68x10° 6.92x10¢
33x10¢ 1.85x10° : 1.04x10° 4 27x10°
18x10° 2 57x10° 1.71x10° 7.15x10°

1.05x10° 41x10°
62x10° 4.54x10° 2.52x10¢ 1.05x10

O ~NOO;MEs W -

07x10° 5.17x10°

o ©

2
4
9
1
2
1
1.27x10¢ 3.71x10 . 421x10 1.75x10
1.46x10° 4.38x10¢ : 5.66x10¢ 35x10
7.19x108 2.19x10° 36 5.16x10° 2 17x10
2
1
2
3
4
8

W N -

12x108 6.52x108 7.79x10° 3.31x10
04x10° 3.22x10 : 4.42x10° 88x10
67x10° 8.37x10° 4.68x10° 2.01x10
21x10° 1.05x10 6.27x10° 71x10
67x10 1.57x10 7.59%x10¢ 3.31x10
45x10° 2.98x10 ' 4.33x10 90x10
5.73x10¢ 2.09x10 5.24x10° 2.31x10
2.83x10¢° 1.04x10 3.46x10° 53x10
8.14x10¢° 3.14x10 ¢ 2.93x10¢ 1.29x10
6.21x10° 2.45x10’ 5.59x10° 2.41x10
7.46x10° 2.93x10 1.41x10 5.66x10
6.51x10¢° 2.59x10

HE WN - 0O ©0O~NOO-S

5o



TABLE 6-5

SPECTRUM-AVERAGED REACTION CRNSS SECTIONS AT THE
CENTER OF CEQUOYAH UNIT 2 SURVEILLANCE CAPSULES

T
|

o (bam;)"l

Reaction Capsules at 4 Capsules at 40 ‘

Fe* (n,p) Mn* | 0.0980 | 0.0735 ;
Cu® (n,a) Co® | 0.00112 | 0.000659 }
Nis® (n,p) Co | 0.127 | 0.0993 | 3
Np#7 (nf) Cs'¥’ l 262 , 2.83 % |

U= (nf) Cs'> | 0.385 | 0.385 |
| RN O <X TS e NPT M. |
" \

f I (EN(ENIE
ool f " b(E)JE

1 Mev
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6-5. DOSIMETRY RESULTS

The irradiation historv of the Sequoyah Unit 2 reactor up to the time of removal of Cap-
sule T is listed in Table 6-6. Comparisons of measured and calculated saturated activiny
of the flux monitors contained in Capsule T based on the irradiation history shown in
Table 6-6 are given in Table 6-7. The data are presented as measured at the actual
monitor locations as well as adjusted to the capsule center. All gradient adjustments to
the capsule center were based on the data presented in Figure 6-7.

The fast neutron (E > 1.0 MeV, flux and fluence levels derived for Capsule T are presented
in Table 6-8. The thermal neutron flux obtained from the cobalt-aluminum monitors is
summarized in Table 6-9. Due to the relatively low thermal neutron flux at the capsule
location, no burnup correction was made to any of the measured activities. The maximum
error introduced by this assumption is estimated to be less than 1 percent for the Ni*®
(n,p)Co* reaction and even less significant for all of the other ‘ast neutror: reactions.

An examination of Teble 6-8 shows that the fast neutron flux (E > 1.0 MeV) derived from
the five th-eshold reactions rang~s frem 6.69 x 10'° to 8.46 x 10" n/cm?-sec, a total span
of less than 10 percent. It may also be noted that the calculated flux value of 9.44 x 10
n‘cm?-sec exceeds all of the measured vaiues, with calculation to experimental ratios
ranging from 1.12 to 1.41.

Comparisons of meesured and calculated current fast neutron exposures for Capsule T
as well as for the inner radius of the pressure vessel are presented in Table 6-10. Measured
values are given based on the Fe*(n,p) Mn* reaction alone as well as for the average
of all five threshold reactions. Based on the daia given in Table 6-10, the best estimate
exposure of Capsuie T is

Pt = 2.20 x 10" n/iem? (E > 1 MeV)

Since the calculated fluence levels were based on conservative representations of core
power distributions derived for long-term operation while the Capsule T aata are repre-
sentative only of cycle 1 operation, it is recommended that projections of vessel toughness
into the future be based on design basis calculated fluence levels. Withdrawal of future
surveillance capsules should further substantiate the adequacy of this aporoach.

75798 16002284 6-21



TABLE 6-6

IRRADIATION HISTORY OF SEQUOYAH UNIT 2

SURVEILLANCE CAPSULE T
Pi | Pmax P{Pmax Irradiation Time = Decay Time®
Month | Year | (MW) (MW) (Days) 11 (Days) |
12 1981 27 | 3565 007 9 | 679 |
1 1982 | 264 | 3565 074 31 | 648 |
2 1982 | 763 | 3565 214 28 | 620 |
3 1982 | 1223 | 3565 343 | 31 | 589 |
4 | 1982 | 2251 | 3565 632 | 30 | 559 |
5 | 1982 | 1282 | 3565 360 31 528 |
6 1982 | 2706 | 3565 759 30 498 |
7 1982 | 3389 | 3565 951 31 | 467 |
8 1982 | 3287 | 3565 922 31 | 436 1
9 1982 | 2883 | 3565 809 30 1 406 |
10 | 1982 | 3123 | 3565 876 31 i 375 |
11 1982 | 1366 | 3565 383 30 | 345 |
12 | 1982 4 | 3565 001 31 | 314 |
1 1983 | 2)54 | 3565 857 31 | 283 |
2 1983 | 3495 | 3565 980 | 28 | 255 |
3 1983 | 3403 | 3565 955 | 31 | 224 |
4 1983 | 3472 | 3565 974 | 30 | 194 |
5 1983 | 3485 | 3565 978 | 31 163 |
6 | 1983 | 3160 | 3565 886 | 30 | 133 |
7 | 1983 | 3179 | 3565 892 | 19 | 114 |

. EFPS = 3.28E + 07 SEC
1 ‘ = 1.04 EFPY
[a] Decay time s referenced to 11/11/83
6-22 75798 15032284



TABLE 6-7

COMPARISON OF MEASURED AND CALCULATD FAST NEUTRON FLUX
MONITOR SATURATED ACTIVITIES FOR CAPSULE T

¥ Saturated Activity  Adjusted Saturated
a } Activity
dis's | dis's |
Reaction Radial ) | = |
and Location 9 1 9 |
. ! : |
Axial Position (em) Capsule T Calculated Capsule T | Calculated
Fe* (n,p) Mn* | ‘
Top 211.68 | 3.01x10° | | 3.17x10¢
Top-Middle 211.68 3.03x10° | . 3.20x10°
Middle 211.68 3.01x10% | i 3.17x10°
Bottom-Middle | 211.68 | 3.08x10° | | 3.25x10°
Bottom 21168 | 3.11x10° | 3.28x10° |
Average 3.05x10° | 4.30x10¢ 3.21x10° | 4.53x10°
! : |
Cu® (n,a) Co* | §
Top-Middle 211.18 3.22x10° | | 3.06x10°
Middle 211.18 3.24x10° | . 3.08x10°
Bottom-Middle | 211.18 | 3.36x10° | | 320x10° |
Average | 3.27x10° | 4.32x10° | 3.11x10° | 4.11x10°
| | ‘ ‘
Ni%® (n,p) Co® | | |
Top-Middle 212.18 4.06x107 | . 4.66x107
Middle 21218 | 3.99x107 | | 4.58x107
Bottom-Middle | 21218 | 4.16x10" | - 4.78x107
Average | 4.07x1C7 | 5.75x10° | 467x107 6.59x107
NP=7 (n f) Cs'¥’ | “
Middle 211.41 3.95x107 ; 441x10” | 3.95x10’ 4.41x10’
U= (n,f) Cs' | | |
Middle | 24 5.02x10° | 531x10° | 5.02x10° 5.31x10°
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RESULTS OF FAST NEUTRON DOSIMETRY FOR CAPSULE T

TABLE 6-8

‘m, & (E - 1.0 Mev) & (E > 1.0 Mev)
g (n/cm:-sec) (n/cm?)
Reaction Measured Calculated Measured Calculated Measured Calculated
Fe*(n,p)Mn> 3.21x10¢ 4 .53x10 6 70x10™ 9.44x10° 2.20x10® 3.10x10"
Cu*{n,a)Co* 311108 4 11x10° 7.14x10"° 9. 44x10" 2.34x10" 3.10x10"
Ni*(n,p)Co* 46710 6.59x10’ 6.69%10" 9 44x10" 219x10* 3.10x10™
Np=¥(n,f)Cs'> 3 95107 4 41107 8 46x10° 9 44x10" 2.77x10™ 3.10x10"
U={n f)Cs" "= 4 42x10¢ 531x10¢ 7.19x10"° 9 44x10" 2.36x10" 3.10x10"

lal w‘mwmmmmwwounwmmmumm




TABLE 6-9

RESULTS OF THERMAL NEUTRON DOSIMETRY FOR CAPSULE T

(dlt/l) :
Saturated Activity ' g |
Axial .~ ' bTh
Location Bare | Cd-Covered ‘ (n/'cm?sec)
Top 7.01 x 107 ]T 2.79 x 107 | 7.48 x 10"
Bottom 6.94 x 107 | 273 x 107 7.38 x 10"
Average 6.98 x 107 | 2.76 x 107 7.43 x 10" 1
TABLE 6-10

SUMMAFPY OF NEUTRON DOSIMETRY RESULTS FOR CAPSULE T

Current 4 (E > 1.0 mev)

EOL & (E - 1.0 mev)

(n/em?) | (n/em?)
Location Measured = Calculated ~ Measured Calculated
Capsule T 220x10% | 310x10% |
Vessel IR 6.94 x 10 9.78 x 107 | 213x10" 3.01 x 10 |
Vessel 1/4T 3.85x 10" 542x 107 | 1.18x 10" 167 x 10° |
Vessel 3/4T 7.93 x 10 1.12x 10 | 244 x 10" 343 x 10* |

75798 10032284
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SECTION 7

SURVEILLANCE CAPSULE REMOVAL SCHEDULE

The following removal schedule per ASTM E185-82 is recommended for future capsules
to be removed from the Sequoyah Unit 2 reactor vessel:

[a] Effective full power years from plant startup
[b] Approximate fluence at 1/4 thickness vessel wall at end of iife
[c] Approximate fiuence at vessel inner wall at end of life

75958 16032384
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| Vessel
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TUEEe T R X
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z Loy se: | e |
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Removai ‘ Fluence
Timel® (n‘em?)
1.04 (removed) | 2.20 x 10®
3 8.39 x 10"
6 ‘ 1.68 x 109
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34 3.06 x 10'®
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APPENDIX A
HEATUP AND COOLDOWN LIMIT CURVES
FOR NORMAL OPERATION

A-1. INTRODUCTION

Heatup and cooldown limit curves are calculated using the most limiting value of RTnDT
(reference nil-ductility temperature). The most limiting RTypT of the material in the core
region of the reactor vessel is determined by using the preservice reactor vessel material
properties and estimating the radiation-induced ARTNpT. RTNDT s designated as the
higher of either the drop weight nil-ductility transition temperature (NDTT) or the tem-
perature at which the material exhibits at least 50 fi-Ilb of impact energy and 35-mil lateral
expansion (normal to the major working direction) minus 60°F.

RTNDT increases as the material is exposed to fast-neutron radiation. Thus, to find the
most limiting RTypT at any time period in the reactor's life, ARTypT due to the radiation
exposure associated with that time period must be added to the original unirradiated
RTNDT. The extent of the shift in RTypT is enhanced by certain chemical elements
(such as copper and phosphorus) present in reactor vessel steels. Design curves which
show the effect of fluence and copper and phosphorus contents on ARTNpT for reactor
vessel steels are shown in Figure A-1.

Given the copper content of the most limiting material, the radiation-induced ARTNDT
can be estimated from Figure A-1. Fast neutron fluence (E > 1 Mev) at the vessel inner
surface, the 1/4 T (wall thickness), and 3/4 T (wall thickness) vessel locations are givin
as a function of full-power service life in Figure A-2. The data for all other ferritic materials
in the reactor coolant pressure boundary are examined to insure that no other component
will be limitine with respect to RTypT.

A-2. FRACTURE TOUGHNESS PROPERTIES

The preirradiation fracture-toughness properties of the Sequoyah Unit 2 reactor vessel
materials are presented in Table A-1. The fracture-toughness properties of the ferritic
material in the reactor coolant pressure boundary are determined in accordance with the
NRC Regulatory Standard Review Plan." The postirradiation fracture-toughness prop-
erties of the reactor vessel beltline material were obtained directly from the Sequoyah
Unit 2 Vessel Material Surveillance Program.



v

PROZEO Q1 HSASL

ARTypt1. PREDICTED ADJUSTMENT OF REFERENCE TEMP_, (°F)
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Figure A-1. Predicted Adjustment of Reference Temperature, ARTypT. a8 @
Function of Fluence and Copper Content. For Copper and Phos-
phorus Contents Other Than Those Plotted, Use the Expression

for ARTypT Given on the Figure.
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TABLE A-1

SEQUOYAH UNIT 2 REACTOR VESSEL TOUGHNESS DATA

| 1 Minimum
l 50 ft-Ib'35 Average Upper Sheit
i Heat Material = CU = P | NDTT sl RTnDT pres
%M No. Grade (%) | (%)  (F) | PMWD= NMWD™ | (F) | PMWD= | NMWD"
! CL Hd. Dome | 52899-1 A533BCL1 — - -13 28 48« 12 750
| CL Ha. Ring - AS0BCL2 | — | — 5 34 54< 5 | 1255«
'HdFlange | 4890 | As08CL2 | — | — | -13 | <-67 | <-67 | -13 | 141
' Vessel Flange | 4832 AS508CL2 - - -22 - 47 - 27« -22 155 5@
| Inlet Nozzie | 4868 AS508CL2 - - 22 41 61% 1 79
| Inlet Nozzle | 4872 AS08CL2 - - -22 12 32« -22 108+
' Inlet Nozzle ; 4877 AS08CL2 | — -— - 31 1 219 - 31 113

inlet Nozzle | 4886 AS08CL2 | — - -3 52 - 32 -31 138°

Outiet Nozzie | 4867 | ASOBCL2 | — | — | -3 19 39 | -21 85°

Outiet Nozzle | 4873 | AsO8CL2 | — | — 22 21 | 41 19 76~

Outlet Nozzle | 4878 | AsoBCL2 | — | — - 40 -6 14 - 40 1057
- Outlet Nozzle = 4887 ASOBCL2 | — — -22 -1 9 - 22 143 5¢
l Upper Shell | 4885 A508CL2 | — - 5 25 45¢ 5 104
inter Shell | 4853 | ASOBCL2 ; 013 | 014 | -22 19 70 0 | 138 93
| Lower Shell | 4994 | AS0BCL2 | 014 | 012 | -40 8 38 -22 140.5 100
| Trans. Ring | 4879 | As08CL2 | — | — 5 27 a7 5 98
1 Bot Hd Ring | 52835-1B | AS33BCL1 | - - -4 48 68 8 g1
| Bot Hd Ring | 528352 | AS33BCL! = - 22 25 45 15 g1
| Bot Hd Ring | 528992 | ASIWCLI | — - -13 39 59« -1 62
| Bot. Hd. | 52979-1 AS33BCL1 [ — — -31 14 34¢ - 26 99 5
| Weld - Weld ‘ 013 | 016 -4 14 -4 - 101
' HAZ ! - HAZ ] = — 13 = 17 -13 - 120

{al Paraliel 10 ma » working direction
[b] Normal to mar + working direction
{c] Esnmate base ' on the NRC Regulatory Stardard Review Plan. Section 53.2 MTEB 5-2
|g] Percentage shear not reported therefore vaiue may not be on the upper shel



A-3. CRITERIA FOR ALLOWABLE PRESSURE-TEMPERATURE
RELATIONSHIPS

The ASME approach for calculating the allowable limit curves for various heatup and
cooldown rates specifies that the total stress intensity ‘actor, K|, for the combined thermal
and pressure stresses at any time during heatup or cooldown cannot be greater than the
reference stress intensity factor, Kjg, for the metal temperature at thattime. K| is obtained
from the reference fracture toughness curve, defined i Appendix G to the ASME Code.””
The KR curve is given by the equation:

KirR = 26.78 + 1.223 exp [0.0145 (T-RTypT + 160)] (A-1)
where K| is the reference stress intensity factor as a function of the metal temperature
T and the metal reference nil-ductility temperature RTypT. Thus, the governing equation
for the heatup-cooldown analysis is defined in Appendix G of the ASME Code™ as follows:

CKm + Kit = KiIR (A-2)
where
KM is the stress intensity factor caused by membrane (pressure) stress
Ky is the stress intensity factor caused by the thermal gradients

KiR is a function of temperature relative to the RTypT of the material

o

]

2.0 for Level A and Level B service limits

C

i

1.5 for hydrostatic and leak test conditions during which the reactor core is
not critical

At any time during the heatup or cooldown transient, K|y is determined by the metal
temperature at the tip of the postulated flaw, the appropriate value for RTypT, and the
reference fracture toughness curve. The thermal stresses resulting from temperature
gradients through the vessel wall are calculated and then the corresponding (thermal)
stress intensity factors, Ky, for the reference 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 Code reference flaw is assumed to exist at the inside of the vessel wall. During
cooldown, the controlling location of the flaw is always at the inside of the wall because
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the thermal gradients produce tensile stresses at the inside, which increase with increasing
cooldown rates. Aliowable pressure-temperature relations are generated for both steady-
state ard finite cooldown rate situations. From these relations, composite imit curves are
constructed for each cooldown rate of interest.

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 temperature,
whereas the limiting pressure is actually dependent on the material temperature at the
tip of the assumed flaw.

During cooldown, the 1/4 T vessel location is at a higher temperature than the fluid adjacent
to the vessel ID. This condition, of course, is not true for the steady-state situation. It
follows that, at any given reactor coolant temperature, the AT developed during cooldown
results in a higher value of K;g at the 1/4 T location for finite cooldown rates than for
steady-state operation. Furthermore, if conditions exist such that the increase in K|g
exceeds Ky, the calculaieu allowable pressure during cooldown will be greater than the
steady-state valuc.

The above proceduies are needed because there is no direct control on temperature at
the 1/4 T location and, therfore, allowable pressures may unknowingly be violated if the
rate of cooling is decreased at various intervals along a cooldown ramp. The use of the
composite curve eliminates this problem and insures conservative operation of the system
for the entire cooldown period.

Three separate calculations are required to determine the limit curves for finite heatup
rates. As is done in the cooldown analysis, allowable pressure-temperature relationships
are developed for steady-state conditions as well as finite heatup ate conditions assuming
the presence of a 1/4 T defect at the inside of the vessel wall. The thermal gradients
during heatup produce compressive stresses at the inside of the wall that alleviate the
tensile stresses produced by internal pressure. The metal temperature at the crack tip
lags the coolant temperature; therefore, the K for the 1/4 T crack during heatup is lower
than the K|g for the 1/4 T crack during steady-state conditions at the same coolant
temperature. During heatup, especially at the end of the transient, conditions may exist
such that the eflects of compressive thermal stresses and lower Kjg'g do not offset each
other, and the pressure-temperature curve based on steady-state conditions no longer
represents a lower bound of all similar curves for finite heatup rates when the 1/4 T flaw
is considered. Therefore, both cases have to be analyzed in order to insure that a: any
coolant temperature the lower value of the allowable pressure calculated for steady-state
and finite heatup rates is obtained.
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The second portion of the heatup analysis concerns the calculation of pressure-temper-
ature limitations for the case in which a 14 T deep outside surface flaw is assumed.
Unlike the situation at the vessel inside surface, the thermal gradients established at the
outside surface during heatup produce stresses which are tensil2 in nature and thus tend
to reinforce any pressure stresses present. These thermal stresses are dependent on
both the rate of heatup and the time (or coolant temperature) along the heatup ramp.
Since the thermal stresses at the cutside are tensile and increase with increasing heatup
rates, each heatup rate must be analyzed on an individual basis.

Following the generation of pressure-temperature curves for both the steady-state and
finite heatup rate situations, the final limit curves are produced as follows: A composite
curve is constructed based on a point-by-point comparison of the steady-state and finite
heatup rate data. At any given temperature, the allowable pressure is taken to be the
lesser of the three values taken from the curves under consideration. The use of the
composite curve is necessary 1o set conservative heatup limitations because it is possible
for conditions to exist wherein, over the course of the heatup ramp, the controlling condition
switches from the inside to the outside and the pressure limit must at all times be based
on analysis of the most cnitical criterion. Then, composite curves for the neatup rate data
and the cooldown rate data are adjusted for possible errors in the pressure and temper-
ature sensing instruments by the values indicated on the respective curves.

A-4. 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 dervation of the
flimit curves is presented in the NRC Regulatory Standard Review Plan."

Transition temperature shifts occurr.ng in the pressure vessel materials due to radiation
exposure have been obtained directly from the reactor pressure vessel surveillance pro-
gram. Charpy test specimens from Capsule T indicate that the core region weld metal
and limiting core region shell forging 05 (Heat no. 4853) exhibited shifts in RTypT of
80°F and 25°F, respectively. These shifts at a fluence of 2.20x10'* n'cm* are plotted in
Figure A-1. A modified trend curve was developed for the weld metal by drawing a line
parallel to the present trend cuives through the surveillance data point. Figure A-1 shows
the modified trend curve as a dashed line. The modified trend curve is used to obtair: the
ARTNDT in the weld metal, and the heatup and cooldown curves are based on this
ARTnpT. The resultant heatup and cooldown limit curves for normal operation of the
reactor vessel are presented in Figures A-3 and A-4 and represent an operational time
period of 9 effective full power years.




MATERIAL PROPERTY BASIS:
CONTRCLLING MATERIAL : WELD METAL

COPPER CONTENT : D.13WT%
PHOSPHORUS CONTENT  : 0.016 WT%
RTnDT INITIAL . 4%
RTnpT AFTERQ EFPY  : 1/4T, 110%F
: 3/4T, 47°F

CURVE APPLICABLE FOR HEATUP RATES UP
TO 60°F/HR FOR THE SERVICE PERIOD UP
TO 9 EFPY AND CONTAINS MARGINS OF 10°F
AND 60 PSIG FOR POSSIBLE INSTRUMENT
ERRORS
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Figure A-3.  Sequoyah Unit 2 Reactor Coolant System Heatup Limitations

Applicable up to 9 EFPY
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MATERIAL PROPERTY BASIS :
CONTROLLING MATERIAL : WELD METAL
COPPER CONTENT © 0.13WT%
PHOSPHORUS CONTENT  : 0.016 WT%
RTnpT INITIAL . -49F
RTnDT AFTER 9 EFPY : 1/4T, 110°F
. 3/4T, 47°F
CURVE APPLICABLE FOR COOLDOWN RATES
UP TO 100°F/HR FOR THE SERVICE PERIOD
UP TO 9 EFPY AND CONTAINS MARGINS OF
10°F AND 60 PSIG FOR POSSIBLE INSTRUMENT
ERRORS
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Figure A-4.  Sequoyah Unit 2 Reactor Coolant System Cooldown Limitations
Applicable up to 9 EFPY
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Allowable combinations of temperature and pressure for specific temperature change
rates are below and to the right of the limit lines shown on the heatup and cooldown
curves. The reactor must not be made critical until pressure-temperature combinations
are to the right of the criticality limit line shown in Figure A-3. This is in addition to other
criteria which must be met before the reactor 1s made critical.

The leak test limit curve shown in Figure A-3 represents minimum temperature require-
ments at the leak test pressure specified by applicable codes. The leak test limit curve
was determined by methods of References 2 and 3.

Figures A-3 and A-4 define limits for insuring prevention of nonductile failure.
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