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SECTION 1
SUMMARY OF RESULTS

The analysis of the reactor vessel material contained in the fourth reactor vessel
material surveillance capsule which was removed from the Connecticut Yankee
reactor pressure vessel after approximately 10.5 effective full power years of
operation led to the following conclusions:

9]

The capsule received an average fast neutron fluence (E > 1 Mev) of 2.22 x
10"*n/cm? compared to a calculated fluence of 2.39 x 10"*n/cm’.

Irradiation of base metal plate material to 2.22 x 10'°n/cm? resulted in a 43°C
increase in the 41-Joule transition temperature when compared with
unirradiated values. This transition temperature increase, when compared with
increases of 44 and 37°C obtained for earlier capsules irradiated to 0.471 and
1.58 x 10'* n/cm‘ respectively indicates that the base material is experiencing a
saturation of radiation damage.

Reactor vessel submerged arc weld metal irradiated to 2.22 x 10*n/cm? showed
a 41-Joule transition temperature increase of 61° C which was only 8° C higher
than the increase obtained on weld metal irradiated at 0.239 x 10'*n/cm?. The
small transition temperature increase for these two irradiation fluence levels
indicate that saturation of radiation damage is occurring for the weld metal.

Comparisons of the 41-Joule transition temperature increases for the Con-
necticut Yankee materials with Regulatory Guide 1.99 Revision 1 predictions
show that the increases after irradiation to 2.22 x 10'°n/cm? are significantly
less than predicted.

End-of-life projected maximum fast neutron fluences for the reactor vessel
based on 27 effective full power years of operation at 1825 MWt are as follows:



Vessel Location

Inner Surface
1/4 Thickness
3/4 Thickness

~ Fast Meutron Fluence (n/cm?)

Caiculated

63 x 10"
29 x 10"
41 x 10"

1-2

Measured

59 x 10"
2.7 x 10"
3.8 x 10"



SECTION 2
INTRODUCTION

This report presents the results of the examination of Capsule D, the fourth capsule
to be removed from the reactor in the continuing surveillance program which
monitors the effects of neutron irradiation on the Connecticut Yankee reactor
pressure vessel materials under actual operating conditions.

The surveillance program for the 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 in WCAP-7036'"". The surveillance program was
planned to cover the 30-year life of the reactor pressure vessel and was based on
ASTM E185-62. Westinghouse Nuclear Technology Division 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 frcm the
fourth surveillance capsule (Capsule D) removed from the Connecticut Yankee
reactor vessel and discusses the analysis of these data. The data are also compared
to results obtained from the three previous surveillance capsules (Capsules A, F
and H)? 3 ¢ which were tested as part of the program.

2-1



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 neutron
bombardment. The overall effects of fast neutron irradiation on the mechanical
properties of low alloy ferritic pressure vessel steels such as SA302 Grade B (base
material of Connecticut Yankee reactor pressure vessel beltline) are well docu-
mented 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 of 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 tem-
perature RT \pT-

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 mils lateral expansion) temperature as determined from Charpy specimens
oriented normal to the major working direction of the material. The RT ypT of a
given material is used to index that material to a reference stress intensity factor
curve (K|R curve) which appears in appendix G of the ASME Code. The K |R 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 K |R 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.
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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 embrittiement or changes in mechanical properties of a given reactor
pressure vessel stee. can be monitored by a reactor surveillance program such as
the Connecticut Yankee 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 Charpy V-
notch 50 ft. Ib. temperature (ART NDT) due to irradiation is added to the original
RTNDT to adjust the RTNDT for radiation embrittiement. This adjusted RTNDT
(RTNDT initial + ARTNDT) is used to index the material to the K |R 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 materials.



SECTION 4
DESCRIPTION OF PROGRAM

Eight surveillance capsules for monitoring the effects of neutron exposure on the
Connecticut Yankee reactor pressure vessel core region material were inserted in
the reactor vessel prior to initial plant startup. The eight 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.

Capsule D was removed after approximately 10.5 effective full power years of plant
operation. This capsule shown in Figure 4-2, contained Charpy V-notch impact,
tension and IX-wedge opening loading (WOL) fracture mechanics specimens from
the vessel intermediate shell plate W9807-4 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 capsule al<o
contained Charpy V-notch specimens from the 6-inch-thick ASTM correlation
monitor material (A302 Grade B). The chemistry and heat treatment of the
surveillance materials 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 also reported in Table 4-1. The analysis of the
irradiated weld metal indicates that the copper, nickel and phosphorus contents
are in good agreement with the unirradiated analysis.

Test specimens from the plate material were machined from the 1/4 thickness
location of the plate. Test specimens represent materia! taken at least one plate
thickness from the quenched end of the plate. All base metal Charpy V-notch and
tension specimens were oriented with the longitudinal axis of the specimen parallel
to the principle rolling direction of the plate. Charpy V-notch and tension
specimens from the weld metal were or.ented with the longitudinal axis of the
specimens transverse to the welding direction.
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Capsule D contained dosimeter wires of pure copper, nickel and aluminum-0.15
Wt%-cobalt (cadmium - shielded and unshielded). In addition, cadmium-shielded
dosimeters of Np?*’ and U** were contained in the capsule. The test specimens
served as iron dosimeters. Thermal monitors made from two low meiting eutectic
alloys sealed in quartz tubes were included in the capsule and were located as
shown in Figure 4-2. The two eutectic alloys and their melting points are:

25% Ag. 97 5% Pb Melting Point 579°F (304°C)
1.75% Ag, 0.75% Sn, 97.5% 2b Meiting Point 590°F (310°C)
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TABLE 441

CHEMICAL COMPOSITION AND HEAT TREATMENT OF
MATERIAL FOR THE CONNECTICUT YANKEE
REACTOR VESSEL SURVEILLANCE PROGRAM

Chemical Composition (percent)

¥ -

L" T | 1
| . Plate = Piate Plate Correlation
| |
F1ement  wego7.2  weso7-a  WeB07-7 | M e |
cC | 02 | 020 020 | 0047 — 024
. Mn | 142 137 | 146 | 136 134 134 |
I . 0010 | 0010 |, 0013 | 0020 0015 S Xo R
| 8 . 0014 | 0.021 0010 | 0019 — 0.023
Si 0.26 019 | 022 | 035 0.29 sm_ 0.23
Mo 0.47 047 | 048 | 048 034 . 051
Cu 0.10 012 | 012 |02 019 | 020 |
Ni - — | - 0046 0.042 018 |
Cr — i - | — | = 0.061 l 0.11
a Analysis performed on Charpy Weld Specimen D-9 from Capsule D
Heat Treatment
Base Plates Heated to 1550-1600°F - 4 hr, water quenched

Tempered at 1225°F - 4 hr, furnace cooled
Stress relieved at 1150°F - 24 hr, furnace cooled

Weld Metal Stress relieved at 1150° F - 24 hr, furnace cooled

ASTM A302B Heated to 1650°F - 4 hr, water quenched to
Correlation Menitor 300°F

Tempered at 1200°F - 6 hr, air cooled

TR W LW e,
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Figure 4-1.  Arrangement of Surveillance Capsules in the
Connecticut Yankee Reactor Vessel
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SECTION 5
TESTING OF SPECIMENS
FROM CAPSULE D

5-1. OVERVIEW

The postirradiation mechanical testing of the Charpy V-notch and tension speci-
mens was performed at the Westinghouse Research and Development Laboratory
consultation by Westinghouse Nuclear Energy Systems personnel. Testing was
performed in accordance with 10CFR50, Appendices G and H.

Upon receipt of the capsule at the laboratory, the specimens and spacer blocks
were carefully removed, inspected for identification number, and checked against
the master list in WCAP-7036.""" No discrepancies were found.

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

The Charpy impact tests were performed on a Tinius-Oisen Model 74,358J
machine. The tup (striker) of the Charpy maching 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 (Ep). 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 (tp) 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 1s 1dentified as the fast fracture load (PF), and the load at which fast frac-
ture terminated 1s identified as the arrest load (PA).

51



The energy at maximum load (E pm) was determined by comparing the energy-time
record and the load-time record. The energy at maximum load 1s roughly equiva-
lent to the energy required to initiate a crack in the specimen Therefore, the
propagation energy for the crack (E p) 1s the difierence between the total energy to
fracture (EpD) and the energy at maximum load

The yield stress (o y) is calculated from the three point bend formula The flow
stress is calculated from the average of the yield and rmaximum loads. also using
the three point bend formula

Percent shear was determined from postfracture photograohs using the ratio-of-
areas method in complhiance with ASTM Specification A370-74 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 and E21. and MHL Procedure
7604 Revision 2. All pull rods, grips. and pins were made of Inconel 718 hardened to
Rc45 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
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 1s 1.00 inch The extensometer is rated as Class B-2 per ASTM E83

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 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 grip and controller temperatures was developed over the
range room temperature to 550°F The upper grip was used to control the furnace
temperature During the actual testing the grip temperatures were used to obtain
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desired specimen temperatures. Experiments indicated that this method Is
accurate to plus or minus 2°F

The yield load, ultimate load. fracture load, total elongation. and uniform elonga-
tion 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 toughness results from Charpy V-notch impact tests performed on the various
surveillance materials in Capsule D after irradiation to 2.22 x 10"°n/cm* are
presented in Tables 5-1 through 5-3 and Figures 5-1 through 5-4. Instrumented
Charpy :mpact test results for the various materials are shown in Tables 5-4
through 5-6. A summary of the surveillance test results is presented in Table 5-7.
The fractured surfaces of the impact specimens are shown in Figures 5-5 through
5-8.

Irradiation of Charpy V-notch specimens from the intermediate shell course plate
W9807-4 to 2.22 x 10"*n/cm? resulted in a 41-joule (30 ft. Ib.) and 68-joule (50 ft. Ib.)
transition temperature increase of 43°C and 46°C respectively when compared
with unirradiated values as shown in Figure 5-1. The upper shelf energy of plate
W9807-4 decreased by 22-joule (16 ft. Ib.). A comparison of these results with prior
results from irradiations at lower fluences shown in Table 5-8 indicates that the
increased neutron fluence produced no significant increase in transition tempera-
ture but did reduce the upper shelf energy level by approximately 18-joule.

Weld metal specimens irradiated to 2.22 x 10'°n/cm? resulted in a 41- and 68-joule
transition temperature increase of 61°C and 72° C respectively and an upper shelf
energy decrease of 30-joule when compared with unirradiated values as shown in
Figure 5-2. A comparison of these results with prior test results on material irradia-
ted to 2.39 x 10"*n/cm? is shown in Table 5-8. These results show that the transition
temperature increases for the 222 x 10"°n/cm? irradiation were approximately
10° C higher than the results of irradiation at 2.39 x 10'*n/cm?. In addition the higher
irradiation fluence level appears to have produced a 9-joule recovery in upper shelf
energy when compared with the lower fluence data.
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Weld HAZ impact specimens irradiated to 2 22 x 10™n/cm* showed a 41- and 68-
joule transition temperature increase of 81°C and 56°C respectively when
compared with unirradiated values as shown in Figure 5-3. No decrease in upper
shelf energy resulted from the irradiation. A comparison of these results with prior
tests results on material irradiated to 2 39 x 10'*n/cm? 1s shown in Table 5-8. The
results indicate that irradiation to 2 22 x 10'“n/cm’ produced an approximate 25°C
additional ncrease in transition temperature but a significant improvement in
upper shelf energy

ASTM A3028B correlation monitor material irradiated to 2.22 x 10"*n/cm? showed a
41- and 68-joule transition temperature increase of 78°C and 83° C respectively
when compared with unirradiated results as shownin Figure 5-4. The upper shelf of
the monitor material decreased by 23-joule. A comparison of these results with the
results of tests at three lower neutron fluence levels is shown in Table 5-8. These
results show that irradiation to 2 22 x 10'*n/cm? produces an approximate 25-30°C
additional increase in transition temperature when compared with the results for
the lowest level of irradiation (2.39 x 10'*n/cm?).

The fracture appearance of each irradiated Charpy specimens from the various
materials is shown in Figures 5-5 through 5-8. An increasing ductile or tougher
appearance with increasing temperature can be noted for each of the materials.

Figure 5-9 shows a comparison of the 41-joule transi'ion temperature increase for
the Connecticut Yankee s rveillance materials with predicted increases using the
methods of NRC Regulatory Guide 1.99 Revision 1.

This comparison shows that all the materials exhibited 41-joule transition
temperature increases lower than would be predicted for irradiations at 2.22 x
10%n’/cm?. This behavior is consistent with the results from other reactor vessel
surveillance capsules evaluated as part of thic EPRI program. Based on the
Connecticut Yankee surveillance capsule test results to date, it can be concluded
that the reactor vessel beltline region material is not as sensitive to radiation as
predicted and a saturation of radiation damage may be occurring.

5-3. TENSION TEST RESULTS

The results of tension tests performed on shell plate W9807-4 and weld metal are
shown in Table 5-9 and Figures 5-10 and 5-11 respectively. An increase in 0 2%
yield strength of approximately 80 and 110 MPa was exhibited by the plate and
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weld metal respectively. These increases indicate that the weld metal is more
sensitive to radiation than the base metal plate which is consistent with transition
temperature increases observed for these materials. Photographs of the fractured
tension specimens are shown in Figure 5-12. A typical stress strain curve for the
tension tests is shown in Figure 5-13

5-4. WEDGE OPENING LOADING TESTS

Wecdge Opening Loading (WOL) fracture mechanics specimens which were
contained in the surveillance capsule have been stored at the Westinghouse
Research Laboratory. they wiil be tested and reported on later.
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TABLE 541

CHARPY IMPACT DATA FOR CONNECTICUT YANKEE
REACTOR VESSEL SHELL PLATE W9807-4
(IRRADIATED TO 2.22 x 10" n/cm?)

Sample | Temperature  Impact Energy  Lateral Expansion | Shear
L_f“ o R '[ (9)  (f-ibs) | (mm)  (mils) | (%)
va8 | 18 0 | 15 85 | 036 140 | 5
Y46 10 50 | 415 305 051 20.0 23
ya j0 50 | 245 180 | 056 220 20
Y42 24 75 70.0 515 | 089 35.0 33
Y43 66 150 | 1025 755 | 132 52.0 46
Y44 93 200 | 1310 965 | 183 720 83
vas | 149 300 “154.0 1135 | 196 770 | 100
Y47 IR 350 | 1445 1065 L 201 79.0 100
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TABLE 5-2

CHARPY IMPACT DATA FOR CONNECTICUT YANKEE
REACTOR VESSEL WELD METAL AND HAZ MATERIAL
(IRRADIATED TO 2.22 x 10"° n/cm?)

e ' | i B —— -]
Sample L_Tempemun Impact Energy Lateral Expansion @Shear i
! 9/
Noo Ty e | @ by | mm)  (misy | O
Weld Metal ;
— — — -
D15 , -12 10 16.5 120 0.15 6.0 14 ‘
D9 | 16 60 405 30.0 0.56 220 39 |
D12 | 24 75 510 375 064 250 31 |
D14 .38 100 54.0 400 079 31.0 5
D16 . 86 150 800 59.0 1.27 50.0 72
D11 .93 200 935 69.0 1.40 55.0 97
D10 149 300 ! 106 5 785 183 720 100
D13 gL204 400 1119.5 880 1.78 700 100
s oWl i
HAZ Metal |
H15 -12 10 320 235 0.30 120 31 |
H11 24 75 360 265 051 20.0 38 |
H9 66 150 730 540 1.24 490 68
H10 66 150 425 315 102 400 46 |
H14 79 175 137.0 1010 1.96 770 100
H16 .93 200 133.0 98.0 1.74 68.5 100
H12 | 149 300 | 1125 830 193 76.0 100 |
H13 204 400 | 1195 880 | 184 725 | 100 |

| D ——————— -
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TABLE 5-3

CHARPY IMPACT DATA FOR THE ASTM A3028
CORRELATION MONITOR MATERIAL
(IRRADIATED TO 2.22 x 10" n/cm?)

Sample . Tompemure I lmpact Energy | Latenl Expamlon Shnr
s | (°C) €F | (&) (fibs) L (mm)  (mits) | )
R49 r 12 10 40 30 lT 0.30 120 1
R50 | 24 75 16.5 120 | 038 15.0 14
R53 ' 71 160 | 375 275 | 061 240 27
R51 | 93 200 | 425 315 | 107 420 51
R54 L 107 225 | 760 560 | 104 410 93
R55 121 250 | 785 580 | 109 430 100
R52 | 149 300 | 845 625 | 114 45.0 100
RS6 | 204 400 L 840 620 | 127 50.0 100 J
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TABLE 54

INSTRUMENTED CHARPY IMPACT TEST RESULTS FOR THE
CONNECTICUT YANKEE REACTOR VESSEL
SHELL PLATE W9807-4

| " Normalized Energies [ T
Test Charpy ;rCharpyTMaximum Prop | Yield| Time | Maximum Time to lFractureiArresl Lvield Flow
Sample Temp Energy Ed/A Em/A Ep/A | Load |to Yield Load Maximum Load Load Stress|Stress
No. (°C) (¥ l(k.l/m’)-, (kd/m?) [(kd/m?)| (N) | (us) (N) (us) (N) i(m MP. (MFa)
Y48 | -18 | 11.5{ 144 99 45 13600/ 105 15100 165 | 15100 | 800 699 | 737
Y41 | 10 | 245 | 305 169 136 |14100| 100 15400 235 | 15400 | 2600/ 724 | 757
Y46 | 10 | 415 | 517 435 82 (15300, 100 18700 475 18700 | 1200 | 787 | 875
Ya2 | 24| 700 | 873 | 714 159 |14200, 100 19000 760 19000 | 5000 | 728 | 852
va3 | 66 | 1025 | 1280 | s52 | 728 [12500{ 100 | 17300 660 | 16700 | 8700 | 644 | 767
Y44 | 93 ' 1310 | 1635 542 1093 (12100 95 17100 650 10600 | 7700 | 624 | 751
' Y45 | 149 | 1540 | 1924 528 1395 ({11000| 115 18400 681 567 | 706
Y47 | 177 | 1445 | 1805 574 1231 {11000 95 16300 710 567 | 703
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i Mormalized Energies ] ’] | {
, Test Charpy i(:hau;yTlMaulmm'n Prop |Yield | Time | Maximum Time to Fracture‘Arrest Yield? Flow |
‘Sample Temp Energy Ed/A  Em/A Ep/A | Load to Yield Load Maximum Load Load StressStress
Number (‘C)  (J) if(u.umql (kd/m?) |(kd/m?) (N) | (8) | (N | (s) | (N) l (N) l‘"’:_q?’f"ﬂ
Weld Metal
protomiary i "'"'—""_’” ey e L i RO "'—'“"'T T I DR R | _—T‘”‘ y
D15 | -12 | 165 | 203 | 168 | 36 16900, 110 17700 | 210 17600 | 0| 869 | 891
D9 16 405 | 508 | 375 134 115000/ 115 18400 425 | 18400 = 4200| 773 | 860
| D12 24 510 636 486 150 |15400, 115 | 19200 525 | 18700 | 500 | 790 | 888
D14 38 540 678 431 247 |15000| 95 | 18700 465 | 18700 & 8800 774 | 867
D16 | 66 80O 1000 | 415 585 |13000/ 100 | 17100 505 | 15200 | 8600 670 | 775
D11 | 93 935 1169 | 424 | 745 [13500| 95 17100 500 | | 697 | 789
. D10 | 149 | 1065 | 1330 437 894 [12500| 105 16900 530 | | 1 644 | 756
|01 |08 | 195 | o1 | 498 | 993 fieoo] w05 | w60 | s | | |ed6|7s2
{ HAZ Metal i
"H1s | 2| 320 398,r 338 60 |17100| 125 19600 365 i 19600 | 3000 | 879 | 943
CH11 | 24| 360 ! 449 286 163 18600/ 100 21600 285 | 21600 | 7900 | 957 | 1036
C H10 | 66 | 425 | 534 251 282 {12900/ 90 15700 325 15700 | 7500 665 | 736
 H9 66 | 730 | 915 425 490 13500/ 100 17100 505 16700 [10800| 694 | 787
. H14 79 | 1370 | 1712 637 1074 |14800| 110 19000 675 760 | 870
' H16 | 93 | 1330 | 1661 621 1040 (14600 100 18600 670 752 | 854
H12 | 149 | 1125 | 1407 466 941 [12300| 115 16700 585 632 | 746
H13 | 204 | 1195 | 1491 519 972 [12000, 115 16500 635 617 | 733

TABLE 5-5

INSTRUMENTED CHARPY IMPACT TEST RESULTS FOR
CONNECTICUT YANKEE
REACTOR VESSEL WELD AND HAZ METAL




INSTRUMENTED CHARPY IMPACT TEST RESULTS FOR THE

TABLE 5-6

ASTM CORRELATION MONITOR MATERIAL

Normalized Energies

Test Charpy Charpy Maximum  Prop

Sample Temp Energy
No (°C) (J)

Ed/A  Em/A | Ep/A

(kd/m?)! (kd/m?) | (kJ/m?)

o
152

Y245
<80

Yield | Time
Load to Yield
(N) (us)

15000
14300
14700
13300
13600
12300
12100

Maximum
Load
(N)

1450(
16300
18400
17800
18100
17500
17100

16700

Time to
Maximum

(us)

90
190
365
360
515
435
440
450

Fracture Arrest Yield Flow

Load
(N)

14500
16300
18400

17100

!

18100 | 11900

Load StressStress
(N) (MPa)(MPa)
; l
300, 772 | 806
2600 737 | 841
6000 835
808
801




TABLE 5-7

THE EFFECT OF 288° IRRADIATION TO 2.22 x 10" n/cm? (E ~ 1.0 Mev)
ON THE NOTCH TOUGHNESS PROPERTIES OF
CONNECTICUT YANKEE REACTOR VESSEL MATERIALS

Transition Temperature

A Transition Temperature Average Energy Absorptlion

Unirradiated Irradiated
at Full Shear

Oftib 35mils S0ftib 30ftib 35mils 50 ftib 30ftib 35 mils
41 J 9 mm

FYECICRCEOICR COCRICOCRHCCURIC)CR CYCFR(CCY(°F) (J) (ftib) (J) (ftib) (J) (ftib)

68 J aJ 9 mm 68 J alJ 9 mm Unirradiated irradiated A Energy

Matenial |

¢ £ ' A Q 47 *O £n Q 1 1 4 - AL
Hiate 4 & e +* s a4

AN
IA—




SUMMARY OF CONNECTICUT YANKEE REACTOR VESSEL
SURVEILLANCE CAPSULE CHARPY IMPACT TEST RESULTS

a Shelf Energy Increase

TABLE 5-8

4a1J

68 J ,
' . 50ftIb 30 1t b - Decrease In
' Trans. Temp  Trans. Temp Upper Shelf
! Fluence [b] Increase Increase Energy
Material 10" n/em? | .. rss 1A :
. (°C) (°F)  °C)  CFH | () | (tIb)
Plate W9807-2 T 239 19 3 | 19 | 35 24 | 18
| 471 19 | 3 | 19 | 35 15 | 1
| 158 25 45 | 32 57 | 7 5
|
Plate W9807-4 | 471 42 | 75 | 44 | 80 | 30| 20
| 158 | 37 | 67 | 37 67 | 5 4
222 46 | 82 | 43 78 | 22 16
Plate W9807-7 471 25 | 45 | 28 | 50 |16 | 12
158 28 | 51 29 53 4 3
| l ‘l
Weld Metal e 239 , 61 | 110 1 53 95 | 39 29
| 2.22 72 ‘ 130 | 61 110 | 30 22
HAZ Metal | 239 | 31 | 55 | 39 70 | 34 | 25
222 | 56 | 100 | 61 110 | 5| 4
| |
Correlation | 239 | 58 i 105 | 47 85 | 14 10
Monitor ! 471 67 | 120 | 44 80 | 23 17
158 78 | 141 | T 127 | 11 8
222 83 l 150 | 78 | 140 | 23 17

b. Fluence values based on updated dosimetry evaluations discussed in Section 6
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TABLE 5-9

TENSILE PROPERTIES FOR CONNECTICUT YANKEE REACTOR VESSEL
MATERIAL IRRADIATED TO 2.22 x 10" n/cm

Test Yield Ultimate Fracture Fracture | Fracture Uniform Total Reduction
Sampie Temp Strength Strength Load Stress Strength Elongation Elongation in Area
No Material C (°F) MPa (ksi) MPa (ksi) N (kip) MPa (ksi) MPa (ksi) (%) (%) (%)

4 4 o

.
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Figure 5-5 Charpy Impact Specimen Fracture Surfaces for

the Connecticut Yankee Reactor Vessel Shell
Plate W9807-4



Figure 5-6. Charpy Impact Specimen Fracture Surfaces for
the Connecticut Yankee Reactor Vessel Weld Metal



Charpy Impact Specimen Fracture Surfaces for
the Connecticut Yankee Reactor Vessel
Weld HAZ Metal
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Figure 5-8 Charpy Impact Specimen Fracture Surfaces for
the Connecticut Yankee ASTM A302B
Correlation Monitor Material
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Figure 5-10  Tensile Properties for Connecticut Yankee Reactor Vessel
Shell Plate W9607 4.
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0

Figure 5-12.  Fractured Tension Specimens From
Connecticut Yankee Plate W9807-4
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 property changes observed in materials test specimens, the neutron
environment (fluence, flux) to which the test specimens we e 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 between
the environment at various positions within the reactor vessel and that experienced
by the test specimens must be established. The former requirement is normally met
by employing a combination of rigorous analytical techniques and measurements
obtained with passive neutron flux monitors contained in each of the surveillance
capsules. The latter information, on the other hand, is derived solely from analysis.

This section describes a discrete ordinates Sn transport analysis performed for the
Connecticut Yankee 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; and, in turn, to develop lead factors for use in relating
neutron exposure on the pressure vessel to that of the surveillance capsules Based
spectrum-averaged reaction cross sections derived from this calculation, the
analysis of the neutron dosimetry contained in Capsule D is discussed and updated
evaluations of dosimetry from Capsules A, F, and H are presented.

6-2. DISCRETE ORDINATES ANALYSIS

A plan view of the Connecticut Yankee reactor geometry at the core midplane is
shown in Figure 6-1. Since the reactor exhibits 1/8th core symmetry only a 0°-45°
sector i1s depicted



Eight irradiation capsules attached to the thermal shield are included in the design
to constitute the reactor vessel surveillance program. The eight capsules are
located symmetrically at 43.5° from the cardinal axes as shown in Figure 6-1.

A plan view of a single surveillance capsule attached to the thermal shield is shown
in Figure 6-2. The stainless steel specimen cor.tainer is 1-inch square and approxi-
mately 36 inches in height. The containers are positioned axially such that the
specimens are centered on the core midplane, thus spanning the central 3 feet of
the 10-foot-high reactor core.

From a neutronic standpoint, the surveillance capsule structures are significant.
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 Connecticut Yankee reactor
geometry, predictions of neutron flux magnitude and energy spectra were made
with the DOT /5! two-dimensional discrete ordinates code. The radial and azimuthal
distributions were obtained from an R, © computation wherein the geometry
shown in Figures 6-1 and 6-2 was described in the aralytical model. In addition to
the R, © computation, a second calculation in R, Zgeometry was also carried out to
obtain relative axial variations of neutron flux throughout the geometry of interest.
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