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1.0 SUMMARY OF RESULTS

The analysis of the reactor vessel materials contained in surveillance Capsule S, the fourth
capsule to be removed from the Northern States Power Company Prairie Island Unit 1 reactor
pressure vessel, led to the following conclusions:

. The capsule received an average fast neutron fluence (E > 1.0 MeV) of 4.017 x 10"
n/em® after 18.12 Effective Fuli Power Years (EFPY) of plant operation.

+ Irradiation of the reactor vessel Intermediate Shell Forging C Charpy specimens,
oriented with the longitudinal axis of the specimen parallel to the major rolling direction
{tangential orientation), to 4.017 x 10" n/cm® (E > 1.0 MeV) resulted in a 30 ft-Ib
transition temperature increase of 101.46°F and a 50 ft-Ib transition temperature
increase of 105.15°F. This results in an irradiated 30 ft-Ib transition temperature of
62.55°F and an irradiated 50 ft-Ib transition temperature of 98.80°F for the tangentially-
oriented specimens.

. Irradiation of the reactor vessel Intermediate Shell Forging C Charpy specimens,
oriented with the longitudinal axis of the specimen perpendicular to the major rolling
direction (axial orientation), to 4.017 x 10" n/em? (E > 1.0 MeV) resulted in a 30 ft-Ib
transition temperature increase of 74.27°F and a 50 ft-Ib transition temperature increase
of 76.68°F. This results in an irradiated 30 ft-Ib transition temperature of 42.95°F and
an irradiated 50 fi-Ib transition temperature of 80.63°F for the axially-oriented
specimens.

. Irradiation of the weld metal Charpy specimens to 4.017 x 10" n/em? (E > 1.0 MeV)
resulted in a 30 ft-Ib transition temperature increase of 160.43°F and a 50 ft-Ib transition
temperature increase of 170.84°F. This results in an irradiated 30 ft-Ib transition
temperature of 95.98°F and an irradiated 50 ft-Ib transition temperature of 143.91°F.

. Irradiation of the weld Heat-Affected-Zone (HAZ) metal Charpy specimens to 4.017 x
10" n/em? (E > 1.0 MeV) resulted in a 30 ft-Ib transition temperature increase of
137.11°F and a 50 tt-Ib transition temperature increase of 98.20°F. This results in an

irradiated 30 ft-Ib transition temperature of -62.89°F and an irradiated 50 ft-Ib transition
temperature of -26.80°F.

. Irradiation of the correlation monitor material Charpy specimens to 4.017 x 10" n/em?
(E > 1.0 MeV) resulted in a 30 ft-Ib transition temperature increase of 166.08°F and a
50 fi-Ib transition temperature increase of 159.58°F. This results in an irradiated 30 ft-Ib

transition temperature of 212.29°F and an irradiated 50 ft-Ib transition temperature of
237 .98°F.

ANALYSIS OF CAPSULE S FROM THE NORTHERN STATES POWER COMPANY PRAIRIE ISLAND Unit 1
REACTOR VESSEL RADIATION SURVEILLANCE PROGRAM



. The average upper shelf energy of Intermediate Shell Forging C (tangential orientation)
resulted in an energy decrease of 15.5 fi-Ib after irradiation to 4.017 x 10" n/em® (E >
1.0 MeV). This results in an irradiated average upper shelf energy of 142.5 ft-lb for the
tangentially-oriented specimens.

. The average upper shelf energy of Intermediate Shell Forging C (axial orientation)
resulted in an energy decrease of 8 ft-Ib after irradiation to 4.017 x 10" n/em? (E > 1.0

MeV). This results in an irradiated average upper shelf energy of 135 ft-Ib for the
axially-oriented specimens.

. The average upper shelf energy of the weld metal Charpy specimens resulted in an
energy increase of 6 fi-Ib after irradiation to 4.017 x 10" n/em® (E > 1.0 MeV). This
results in an irradiated upper shelf energy of 84.5 ft-Ib for the weld metal specimens.

’ The average upper shelf energy of the weld HAZ metal decreased 75 ft-Ib after
irradiation to 4.017 x 10" n/em? (E > 1.0 MeV). This results in an irradiated upper shelf
energy of 136 ft-Ib for the weld HAZ metal.

. The average upper shelf energy of the correlation monitor material decreased 41 ft-b
after irradiation to 4.017 x 10" n/em? (E > 1.0 MeV). This results in an irradiated upper
shelf energy of 82.5 ft-Ib for the correlation monitor material.

. The surveillance Capsule S test results indicate that all 30 ft-Ib transition temperature
shifts are greater than the Regulatory Guide 1.99, Revision 2'", predictions. However,
the shift values are less than the two-sigma allowance required by Regulatory Guide
1.99, Revision 2 for all of the materials except intermediate shell forging C (tangential
orientation) and the weld metal.

. The surveillance Capsule S test results indicate that all average upper shelf energy
decreases of the surveillance materials are less than the Regulatory Guide 1.99,
Revision 2, with excepticn of the correlation monitor material.

. The surveillance capsule: matcrials exhibit a more than adequate upper shelf energy
level for continued safe plant )peration and are expected to maintain an upper shelf

energy of no less than 50 ft-Ib throughout the life of the vessel (35 EFPY) as required
by 10 CFR Pan 50, Appendix G,
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. The calculated 35 EFPY maximum neutron fluence (E > 1.0 MeV) for the Prairie Island
Unit 1 reactor vessel is as follows:

Vessel inner radius® = 3.07 x 10" n/em?
Vessel 1/4 thickness = 1.96 x 10" n/cm®
Vessel 3/4 thickness = 6.02 x 10" n/em?
* Clad/base metal interface
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2.0 INTRODUCTION

This report presents the results of the examination of Capsule S, the fourth capsule to be
removed from the reactor in the continuing surveillance program which monitors the effects of
neutron irradiation on the Northern States Power Company Frairie Island Unit 1 reactor
pressure vessel materials under actual operating conditions.

The surveillance program for the Northern States Power Company Prairie Island Unit 1 reactor
pressure vessel materials was designed and recommended by the Westinghouse Electric
Corporation. A description of the surveillance program and the pre-irradiation mechanical
properties of the reactor vessel materials is presented in WCAP-8086 entitled *Northern States
Power Co. Prairie Island Unit No. 1 Reactor Vessel Radiation Surveillance Program*®. The
surveillance program was planned to cover the 40-year design life of the reactor pressure
vessel and was based cn ASTM E185-70, "Recommended Practice for Surveillance Tests for
Nuclear Reactor Vessels". Westinghouse personnel were contracted to aid in the preparation
of procedures for removing Capsule S from the reactor and its shipment to the Westinghouse
Science and Technology Center Hot Cell Facility, where the oot t-irradiation mechanical testing
of the Charpy V-notch impact and tensile surveillance specimen. was performed.

This report summarizes the testing of and the post-irradiation data obtained from surveillance
Capsule S removed from the Northern States Power Company Prairie Island Unit 1 reactor
vessel and discusses the analysis of the data.
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3.0 BACKGROUND

The ability of the large stee! 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 cn the mechanical properties of low alloy, ferritic pressure vessel steels
such as A508 Class 3 (base material of the Prairie Island Unit 1 reactor pressure vessel) are
well documented in the literature. Generally, low alloy ferritic materials show an increase in

hardness and tensile: properties and a decrease in ductility and toughness during nigh energy
irradiation.

A method for performing analyses to guard against fast fracture in reactor pressure vessels
has been presented in Appendix G to Section X! of the ASME Boiler and Pressure Vessel
Code'. The method uses fracture mechanics concepts and is based on the reference
nil-ductility temperature (RT ).

RTyor is defined as the greater of either the drop weight nil-ductility transition temperature
(NDTT per ASTM E208") or the temperature 60°F less than the 50 ft-Ib (and 35-mil lateral
@xpansion) temperature as determined from Charpy specimens oriented normal (tangential) to
the major working direction of the forging. The RT,,, of a given material is used to index that
»-aterial to a reference stress intensity factor curve (K, curve) which appears in Appendix G to
the ASME Code. The K, 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, curve, allowable stress intensity factors can be obtained for this
material as a function of temperature. Allowable operating limits can then be determined
using these allowable stress intensity factors.

RTyor @nd, in tum, 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
changes in mechanical properties of a given reactor pressure vessel steel can be monitored
by a reactor surveillance program, such as the Prairie Island Unit 1 Reactor Vessel Radiation
Surveiilance Program®, in which a surveillance capsule is periodically removed from the
operating nuclear reactor and the encapsulated specimens tested. The increase in the
average Charpy V-notch 30 ft-Ib temperature (ART,,,) due to irradiation is added to the initial
RTyor to adjust the RT,,, for radiation embrittiement. This adjusted reference temperature
(ART = initial RT,; +ART,,,) is used to index the material to the K, 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.
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4.0 DESCRIPTION OF PROGRAM

Six surveillance capsuies for monitoring the effects of neutron exposure on the Prairie Island
Unit 1 reactor pressure vessel core region materials were inserted in the reactor vessel prior
to initial plant start-up. The six capsules were positioned in the reactor vessel between the
thermal shield and the vessel wall as shown in Figure 4-1. The test capsules are in baskets
attached to the thermal shield. The vertical center of the capsules is opposite the vertica!
center of the core.

Capsule S was removed after 18.12 Effective Full Power Years (EFPY) of plant operation.
The capsule contained Charpy V-notch impact specimens made from Intermediate Shell
Forging C and weld metal which joined sections of material from the intermediate and lower
shell rings, heat-affected-zone, and ASTM correlation monitor material. Additionally, tensile
and Wedge Opening Loading (WOL) specimens were included in the capsule (Figure 4-2).

Test material obtained from the Intermediate Shell Forging (heat-treated with the shell) was
taken at least one forging thickness (6.692 inches) from the quenched edges of the forging.
All test specimens were machined from the 1/4-thickness location of the forging after
performing a simulated postweld, stress-relieving treatment. Specimens were machined from
weld metal and the heat-affected-zone (HAZ) metal of a stress-relieved weldment joining
sections of the intermediate and iower shell forgings. All heat-affected-zone specimens were
obtained from the weld heat-affected-zone of Intermediate Shell Forging C. The A533 Grade
B Class 1 material (HSST Plate J2) for the correlation monitor plate specirnens was supplied
by the Oak Ridge National Laboratory from a 12-inch-thick plate.

Charpy V-notch impact specimens from Interrnediate Shell Forging C were machined in both
the axial orientation (longitudinal axis of specimen normal to major working direction) and
tangential orientation (longitudinal axis of specimen paralle! to major working direction). The
core region weld Charpy impact specimens were machined from the weldment such that the
long dimension of the Charpy was normal to the weld direction; the notch was machined such
that the direction of crack propagation in the specimen was in the weld direction.

Tensile specimens were machined with the longitudinal axis of the specimen in the major

working direction (tangential) and also normal to the major working direction (axial) of the shell
ring forging.

WOL test specimens were machined in a tangential direction so that the loading of the
specimen would be in the major working direction of the forging with the simulated crack
propagating in the axal diiection. In addition, axial specimens were machined so that the
loading of the specimens would be in the axial direction of the forging with the simuiated crack

propagating in the major working direction. All specimens were fatigue pre-cracked per ASTM
E399-70T.
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The heat treatment of the beltline region materials is presented in Table 4-1. The results of
the chemical analyses on the unirradiated beltline region materials are presented in Table 4-2,
which were obtained from the surveillance program report™. Additionally, a chemical analysis
using Inductively Coupled Plasma Spectrometry (ICPS) was performed on four irradiated
Charpy specimens, three weld metal and one base metal, and is reported in Table 4-3. The
chemistry results from the NBS certified reference standards are reported in Table 4-4. The
resuits were obtained from the Westinghouse Electric Corporation Nuclear Services Division
CMT Analytical Laboratory™. Table 4-5 provides the calculations of the average Cu and Ni
weight percent values of the reactor vessel beltline materials, which were used in the Prairie
Island Unit 1 surveillance Capsule S calculations.

Capsule S contained dosimeter wires of pure copper, iron, nickel, and aluminum-0.15 weight
percent cobalt wire (cadmium-shielded and unshielded). In addition, cadmium shielded
dosimeters of neptunium (Np*’) and uranium (U**) were placed in the capsule to measure the
integrated flux at specific neutron energy levels.

Thermal monitors made of two low-melting eutectic alloys and sealed in Pyrex tubes were
included in the capsule. These thermal moritors were used to define the maximum
temperature attained by the test specimens during irradiation. The composition of the two
alloys and their melting points are as follows:

2.5% Ag, 97.5% Pb Melting Point: 579°F (304°C)
1.75% Ag, 0.75% Sn, 97.5% Pb  Melting Point: 590°F (310°C)

The arrangement of the various mechanical specimens, dosimeters and thermal monitors
contained in Capsule S is shown in Figure 4-2.
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TABLE 4-1

Heat Treatment of the Prairie Island Unit 1 Reactor Vessel Surveillance

| Materials®
| Material Temperature (°F) Time (hours) Coolant
Heated to
1652/1715
Tempered at
1175/1238 Furnace-cooled
Heated to ‘
1652/1724 51/2 Water-quenched
Intermediate Shell Tem
pered at ‘
Stress Relieved
at 8 Furnace-cooled
1022
Stress Relieved
at 14 Furnace-cooled
1112
Stress Relieved
at 5 Furnace-cooled
1022 !
Weldmenit
Stress Relieved
at 7 Furnace-cooled
11.2
1675 + 25 4 Air-cooled
1600 + 25 4 Water-quenched |
Correlation |
Monitor Material 1125 £ 25 4 Furnace-cooled
1150 + 25 40 Furnace-cooled
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JABLE 4-2

Chemical Composition (wt%) of the Unirradiated Prairie Island Unit 1
Reactor Vesse! Surveillance Materials™

Intem_nditie Shell Weld Metal Correlat'on Monitor Material
Forging C
Ladie Check
8 0.005 0.014 0.019 0.018
8i 0.28 0.36 0.22 0.25
Mo 0.48 0.51 0.53 0.52
Ni 0.72 - 062 0.68
Cr 0.17 0.015 - -
v <0.002 0.001 - -
Cu 0.06 0.13 - 0.14
Co 0.010 0.001% - -
F Al 0.033 0.015 - -
N, 0.006 0.014 - -
Sn 0.007 0.007 - -
Zn 0.001 0.001® - -
I Ti 0.001 0.001 - -
I Zr 0.001 0.001 - -
As 0.011 0.061 -- --
[ =
l B

{a) Not detected. The number indicates the minimum limit of detection.

ANALYSIS OF CAPSULE § FROM THE NORTHERN STATES POWER COMPANY PRAIRIE ISLAND Unit 1
REACTOR VESSEL RADIATION SURVEILLANCE PROGRAM



4-5

T : ‘

Chemical Composition of the Prairie Island Unit 1 Charpy Specimens
Removed from Surveillance Capsule S
Base Metal Weld Metal
$-25 w-22
Co 0.014 0.022 0.021 0.018
Cr 0.217 0.024 0.018 0.014
Cu 0.078 0.149 0.138 0.143
Mn 1.97 1.67 1.60 1.42
Mo 0.71 0.67 0.64 0.58
Ni 0.956 0.138 0.118 0.091 l
P 0.018 0.025 0.024 0.022
Si 0.350 0.334 0.325 0.338
Sn <0.01 <0.01 <0.01 <0.01
Ti 0.005 <0.002 <0.002 0.017
v <0.004 <0.004 <0.004 <0.004
Zr <0.01 <0.01 <0.01 <0.01
Carbon 0.182 0.067 0.072 0.060
Sulfur 0.012 0.015 0.016 0.016
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TABLE 44

Chemisti y Results from the Low Alioy Steel NBS Certified Reference Standards

Concentration in Weight Percent

NBS-362

NBS-121d

Measured

Certified

Measured

l
l Cr 0.29 0.30 - ”
I Cu 0.50 0.50 - -
I Mn 117 1.04 - e ]
I Mo 0.069 0.068 - -
I Ni 0.62 0.59 - -
I P 0.03 0.04 - ot
Si 0.410 0.39 " »e 4
Sn 0.017 0.016 - -
Ti 0.030 0.08 - >
Vv 0.042 0.040 - .
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Calculation of Average Cu and Ni Weight Percent Values for Beltline Materials

AS33 Gr. B, CL1
Inter. to Lower Shell | Correlation Monitor |
Intermediate Shell Lower Shell Circumferential Material
Forging C* Forging D Weld* ¥ (HSST Plate 02)
Ref. Cu % Ni % Cu % Ni % Cu % Ni % Cu % Ni %
8 0.06 0.72 l
9 0.07 0.66 ]
g 0.065 0.66
3 0.13 - 0.14 0.68
6 0.13 0.09
7 0.078 0.956 0.149 0.138
7 0.138 0.118

NOTES:

(a) Surveillance program material
(b) The surveillance weld specimens were made of the same wire and flux as the intermediate to
lower shell circular seam (Wire UM 88, Heat Number 1752, UM 89 Flux, Batch Number 1230).
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Figure 4-1  Arrangement of Surveillance Capsules in the Prairie Island Unit 1 Reactor Vessel
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SPECIMEN NUMBERING CODE:

N - FORGING C (TANGENTIAL)

S - FORGING C (AXIAL)
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5.0 TESTING OF SPECIMENS FROM CAPSULE S

5.1 erview

The post-irradiation mechanical testing of the Charpy V-notch and tensile specimens was
performed at the Remote Metallographic Facility (RMF) at the Westinghouse Science and
Technology Center (STC). Testing was performed in accordance with 10 CFR Part 50,

Appendix H"'% ASTM Specification E185-82'"", and Westinghouse Procedure RMF 8402,

Revision 2, as modified by Westinghouse RMF Procedures 8102, Revision 1, and 8103,
Revision 1.

Upon receipt of the capsule at the hot cell laboratory, the specimens and spacer blocks were
carefully removed, inspected for identification number, and checked against the master list in
WCAP-8086". No discrepancies were found.

Thermal monitors made from two low-meiting point eutectic alloys sealed in Pyrex tubes were
included in the capsule. Examination of the two low-melting point 579°F (304°C) and 590°F
(310°C) eutectic alloys indicated no melting of either type of thermal monitor. Based on this

examination, the maximum temperature to which the specimens were exposed was less than
579°F (304°C).

The Charpy impact tests were performed per ASTM Specification E23-93a""? and RMF
Procedure 8103, Revision 1, on a Tinius-Olsen Mode! 74, 358) machine. The tup (striker) of
the Charpy machine is instrumented with a GRC 830-1 instrumentation system, feeding into an
IBM compatible 486 computer. With this system, load-time and energy-time signals can be
recorded in addition to the standard measurement of Charpy energy (Ey). From the load-time
curve (Appendix A), the load of general yielding (Pg,), time to general yielding (tgy), maximum
load (P,,), and time to maximum lcad (t,,) can be determined. Under some test conditions, a
sharp drop in load indicative of fast fracture was observed. The load at which fast fracture
was initiated is identified as the fast fracture load (P;), and the load at which fast fracture
terminated is identified as the arrest load (P,).

The energy at maximum load (E,) was determined by comparing the energy-time record and
the load-time record. The energy at maximum load is approximately equivalent to the energy
required to initiate a crack in the specimen. Therefore, the propagation energy for the crack

(E,) is the difference between the total energy to fractu e (Ep) and the energy at maximum
load (E,,).
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The yield stress (o,) was caiculated from the three-point bend formula having the following
expression:

L
P
e w-aic M

where L is the distan~e between the specimen supports in the impact testing machine; B is
the width of the specn.n. —easured parailel to the notch; W is the height of the specimen,
measured perpendicularly to the notch; and a is the notch depth. The constant C is
dependent on the notch flank angle (¢), notch root radius (p), and the type of loading (i.e.,
pure bending or three-point bending).

In three-point bending a Charpy specimen in which ¢ = 45° and p = 0.010 inches, Equation 1
is valid with C = 1.21. Therefore (for L = 4W),

L 333w .
BW-a21.21 BW-a) '

°Y‘PaY

Fcr the Charpy specimens, B is 0.394 in., Wis 0.394 in., and a is 0.079 in. Equation 2 then
reduces to:

0,-33.3+P;, (3)

where o, is in units of psi and Py, is in units of Ib. The flow stress was calculated from the
average of the yield and maximum loads, also using the three-point bend formula.

Symbol A is columns 4, 5, and 6 of Tables 5-6 through 5-10 is the cross-sectional area under
the notch of the Charpy specimens:

A=B+(W-2)=0.1241 square inches (4)

Percent shear was determined from post-fracture photographs using the ratio-of-areas
methods in compliance with ASTM Specification A370-92""%. 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 Model 1115, split-console test
machine, per /.STM Specification E8-93""* and E21-92""", and RMF Procedure 8102, Revision
1. The upper pull rod of the test machine was connected through a universal joint to improve

axiality of loading. The tests were conducted at a constant crosshead speed of 0.05 inches
per minute throughout the test.
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Extension 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 £83-93"¢,

Elevated test temperatures were obtained with a three-zone electric resistance split-tube
furnace with a nine-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, each and of the gage section of a
dummy specimen, and in each grip. In the test configuration, with a slight load on the
specimen, a p!ot of specimen temperature versus upper and lower grip and controller
temperatures was developed over the range of 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 indicate that
this method is accurate to +2°F.

The yield load, ultimate load, fracture ioad, total elongation, and uniform elongation were
determined directly from the load-extension curve. The yield strength, uitimate strength, and
fracture strength were calculated using the original cross-sectional area. The final diameter
and final gage length were determined from 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 ineasurement,

5.2 Champy V-Notch Impact Test Results

The results of the Charpy V-notch impact tests performed on the various materials contained
in Capsule S, which was irradiated to 4.017 x 10" n/em? (E > 1.0 MeV), are presented in
Tables 5-1 through 5-10. The unirradiated and Capsule S results, as well as the results from
previously tested capsules, are presented in Figures 5-1 through 5-15. These figures were
generated using the hyperbolic tangent curve-fitting program CVGRAPH, Version 4.1. The

transition temperature increases and upper shelf energy decreases for the Capsule S
materials are summarized ble 5-11.

Irradiation of the reactor vesse: intermediate Shell Forging C Charpy specimens oriented with
the longitudinal axis of the specimen parallel to the major rolling direction of the forging
(tangential orientation) to 4.017 x 10" n/em? (E > 1.0 MeV) (Figure 5-1) resulted in a 30 ft-Ib
transition temperature increase of 101.46°F and a 50 fi-Ib transition temperature increase of
105.15°F. This resulted in an irradiated 30 ft-Ib transition temperature of 62.55°F and an
irradiated 50 ft-Ib transition temperature of 98.80°F (tangential orientation).
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The average upper shelf energy (USE) of the Intermediate Shell Forging C Charpy specimens
(tangential orientation) resulted in a energy decrease of 15.5 ft-Ib after irradiation to 4.017 x
10" n/em® (E > 1.0 MeV). This results in an irradiated average USE of 142.5 ft-Ib (Figure
5-1).

Irradiation of the reactor vessel Intermediate Shell Forging C Charpy specimens oriented with
the longitudinal axis of the specimen perpendicular to the major rolling direction of the forging
(axial orientation) to 4.017 x 10" n/em® (E > 1.0 MeV) (Figure 5-4) resulted in a 30 ft-Ib
transition temperature increase of 74.27°F and a 50 ft-Ib transition temperature increase of
76.68°F. This resulted in an irradiated 30 ft-Ib transition temperature of 42.95°F and an
irradiated 50 ft-Ib transition temperature of 80.63°F (axial orientation).

The average upper shelf energy (USE) of the Intemediate Shell Forging C Charpy specimens
(axial orientation) resulted in a energy decrease of 8 ft-Ib after irradiation to 4.017 x 10" n/cm?
(E > 1.0 MeV). This results in an irradiated average USE of 135 ft-Ib (Figure 5-4).

irradiation of the surveillance weld metal Charpy specimens to 4.01/ x 10" n/em? (E > 1.0
MeV) (Figure 5-7) resulted in a 30 ft-Ib transition temperature shift of 160.43°F and a 50 ft-Ib
transition temperature increase of 170.84°F. This results in an irradiated 30 ft-Ib transition
temperature of 95.98°F and an irradiated 50 ft-Ib transition temperature of 143.91°F.

The average upper shelf energy (USE) of the surveillance weld metal resulted in an energy
increase of 6 ft-Ib after irradiation to 4.017 x 10" n/em? (E > 1.0 MeV). This resulted in an
irradiated average USE of 84.5 ft-Ib (Figure 5-7).

Irradiation of the reactor vessel weld HAZ metal Charpy specimens to 4.017 x 10" n/em?

(E > 1.0 MeV) (Figure 5-10) resu™ed in a 30 ft-Ib transition temperature increase of 127.11°F
and a 50 ft-Ib transition temperature increase of 98.20°F. This resulted in an irradiated 30 ft-Ib
transition temperature of -62.89°F and an irradiated 50 ft-Ib transition ternperature of

-26.80°F.

The average upper shelf energy (USE) of the weld HAZ metal resulted in an eneigy decrease
of 75 ft-Ib atter irradiation to 4.017 x 10" n/em? (E > 1.0 MeV). This resulted in an irradiated
average USE of 136 ft-Ib (Figure 5-10).

Irradiation of the reacior vessel correlation monitor material Charpy specimens to 4.017 x 10"
n/em® (E > 1.0 MeV) (Figure 5-13) resulted in a 30 ft-Ib transition temperature increase of
166.08°F and a 50 ft-Ib transition temperature increase of 159.58°F. This resulted in an
irrad’ated 30 ft-Ib transition temperature of 212.29°F and an irradiated 50 ft-Ib transition
temperature of 237.98°F.
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The average upper shelf energy (USE) of the correlation monitor material resulted in an
energy decrease of 41 ft-Ib after irradiation to 4.017 x 10" n/em? (E » 1.0 MeV). This resulted
in an irradiated average USE of 82.5 ft-It (Figure 5-13).

The fracture appearance of each irradiated Charpy specimen from the various materials is
shown in Figures 5-16 through 5-20 and show an increasingly ductile or tougher appearance
with increasing test temperature.

A comparison of the measured 30 ft-Ib transition temperature increases and upper shelf
energy decreases for the various Prairie Island Unit 1 surveillance materials with predicted
values using the methods of NRC Regulatory Guide 1.99, Revision 2!, is presented in Table
5-12 and led to the following conclusions:

. The surveillance Capsule S test results indicate that all 30 ft-Ib transition temperature
shifts are greater than the Regulatory Guide 1.99, Revision 2, predictions. However, the
shift values are less than the two-sigma allowance required by Regulatory Guide 1.99,
Revision 2 for all of the materials except intermediate shell forging C (tangential
orientation) and the weld metal.

«  The surveillance Capsule S test results indicate that all average upper shelf energy
decreases of the surveillance materials are less than the Regulatory Guide 1.99,
Revision 2, predictions with exception of the correlation monitor material.

The Charpy V-notch property changes presented in WCAP-8086, WCAP-8916, WCAP-10102,
and WCAP-11006 are based on hand-fit Charpy curves using engineering judgement.
However, the results presented in this report are based on a re-plot of the capsule data using
CVGRAPH, Version 4.1, a hyperbolic tangent curve-fitting program. Hence, Appendix B
contains a comparison of the Charpy V-notch shift results for each surveillance material, hand-
fit versus hyperbolic tangent curve-fitting. Additionally, Appendix C presents the CVGRAPH,
Version 4.1, Charpy V-notch plots and program input data.

The load-time records for the Capsule S individual instrumented Charpy specimen tests are
presented in Appendix A.

5.3 Tensile Test Results

The results of the tensile tests performad on the various materials contained in Capsule S,
irradiated to 4.017 x 10" n/em® (E > 1.0 MeV), are presented in Table 5-13 and are compared
with unirradiated results as shown in Figures 5-21 through 5-23.
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The results of the tensile tests performed on the Intermediate Shell Forging C (tangential
orientation) indicated that irradiation to 4.017 x 10" n/em® (E > 1.0 MeV) caused a 12 to 14
ksi increase in the 0.2 percent offset yield strength and a 9 to 10 ksi increase in the ultimate
tensile strength when compared to unirradiated data (Figure 5-21).

The results of the tensile tests performed on the Intermediate Shell Forging C (axial
orientation) indicated that irradiation to 4.017 x 10" n/em? (E > 1.0 MeV) caused a 10 to 14
ksi increase in the 0.2 percent offset yield strength and a 8 to 12 ksi increase in the ultimate
tensile strength when compared to unirradiated data (Figure 5-22).

The results of the tensile tests performed on the surveillance weld metal indicated that
irradiation to 4.017 x 10" n/em® (E > 1.0 MeV) caused a 9 to 16 ksi increase in the 0.2
percent offset yield strength and a 5 to 10 ksi increase in the ultimate tensile strength when
compared to unirradiated data (Figure 5-23).

The fractured tensile specimens for the Intermediate Shell Forging C material are shown in
Figures 5-24 and 5-25, while the fractured specimens for the surveillance weld metal are
shown in Figure 5-26. The engineering stress-strain curves for the tensile tests are shown in
Figures 5-27 through 5-32.

5.4 Wedge Opening Loading (WOL) Specimens

Per the surveillance capsule testing contract with the Northern States Power Company, WOL
specimens will not be tested. The specimens will be stored at the Westinghouse Science and
Technology Center Hot Cell.
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TABLE 5-1

Charpy V-notch Data for the Prairie Island Unit 1 Intermediate Shell Forging C
Irradiated to a Fluence of 4.017 x 10" n/iem® (E > 1.0 MeV)
(Tangential Orientation)

Sample Temperature Impact Energy Lateral Expansion

Number (°C) (ft-Ib) J) (mils) (mm)

N25 72

N

35 47 29 0.74 10

N31 100 38 5 69 37 0.94 15

Nz9 125 52 68 92 51 1.30 30

N34 175 79 106 144

N

1.96 60

N26 250 121 136 184 83 2.36 100

N36 300 149 150 203 80 2.03 100

I N35 150 66 74 100 54 1.37 35

N30 350 177 1% 205

8

229 100
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TABLE 5-2

irradiated to a Fluence of 4.017 x 10" n/em? (E > 1.0 MeV)

(Axial Orientation)

Charpy V-notch Data for the Prairie Island Unit 1 Intermediate Shell Forging C

Sample Temperature Impact Energy Lateral Expansion Shear
Number (°F) (°C) (ft-Ib) () (mi.) (mm) (%)
825 25 -32 7 9 2 0.05 0
S34 25 -4 22 30 14 0.36 5
8§29 50 10 19 26 14 0.36 10

528 60 16 49 66 36 0.91 20 1
[ sa0 72 22 63 85 45 1.14 25
S27 100 38 | 59 80 46 147 30
833 125 52 | 69 94 50 1.27 40 I
I S36 175 79 97 132 66 1.68 65
526 225 107 135 183 90 2.29 100
s31* 250 121 -
S35 250 121 138 187 85 2.16 100
§32 300 149 132 179 70 1.78 100

NOTE:

* Specimen alignment error. Data is not valid.

N
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TABLE 5-3

Charpy V-notch Data for the Prairie Island Unit 1 Surveillance Weld Medal
Irradiated to a Fluence of 4.017 x 10" n/cny (E > 1.0 MeV)

Sample Temperature impact Energy Lateral Expansion Shear I
Number |  (°F) (°C) (ft-1b) W) (mils) (mm)
w23 25 32
l W18 25 -4
I w22 72 22 24 33 16 0.41 40 i
[ w21 100 38 28 38 24 0.61 60
W19 150 66 45 61 37 0.94 80
w24 175 79 67 91 53 1.35 90
IJ W17 225 107 77 104 64 1.63 100
w20 300 149 92 125 7 1.80 100
TR A, T Wi B TR Walsciol. W28
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TABLE 54
I Charpy V-notch Data for the Prairie Island Unit 1 Heat-Affected-Zone (HAZ) Metal i

Irradiated to a Fluence of 4.017 x 10" n/em® (E > 1.0 MeV)

Sample Temperature Impact Energy Lateral Expansion Shear

Number (°F) (°C) (mils) (%)

H24 -50 -46 3z 43 16 0.41 25 l
H22 0 -18 82 111 50 1.27 30
H20 50 10 58 79 40 1.02 50
H23 72 22

H19 175 79

H18 30 149

* Specimen alignment error. Data is not valid.

ANALYSIS OF CAPSULE S FROM THE NORTHERN STATES POWER COMPANY PRAIRIE ISLAND Unit 1
REACTOR VESSEL RADIATION SURVEILLANCE PROGRAM



51

TABLE 5-5

Charpy V-notch Data for the Prairie Island Unit 1 Correlation Monitor Material
Irradiated to a Fluence of 4.017 x 10" n/em® (E > 1.0 MeV)

Sample Temperature Impact Energy Lateral Expansion Shear
Number (°F) (°C) (ft-Ib) ) (mils) (mm) (%)
R17 150 66
R22 200 93
R24 206 97
R18 225 107 47 64 29 0.74 30
R21 250 121 57 77 41 1.04 55
R23 300 149 76 103 57 1.45 80
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Instrumented Charpy impact Test Resul
irradiated to a Fluence of 4.017 x

TABLE 5-6

(Tangential Orientation)

ts for the Prairie Island Unit 1 intermediate Shell Forging C
10" n/cm?® (E > 1.0 MeV)

Energies
Sample Test | Charpy [N Yield Time to Max. Time to Fracture Arrest Yield Flow
Number | Temp | Energy Charpy Max. Prop. Load Yield PLoad Mex. Load Load Stress Stress
N | @) EaA Ew/A Ep/A 1) (msec) (1) (msec) (ib) (1b) (ksi) (ksi)
N27 -25 9 72 48 24 3724 0.14 3881 0.17 3881 0 124 126
N28 25 10 81 60 20 3520 0.15 3737 0.2 3723 77 117 121
N32 26 33 266 219 47 3361 0.16 4427 051 4427 0 112 129
N25 72 35 282 231 51 3607 0.15 4640 0.5t 4640 0 120 137
N31 100 5i 411 309 101 3426 0.15 4482 0.67 4413 505 114 131
N29 125 68 548 299 249 3254 0.i4 4328 067 4175 1172 108 126
N5 150 74 596 300 296 3251 0.14 4336 0.67 4182 1732 108 126
N34 175 106 854 383 470 3198 0.14 4323 0.84 3222 1899 106 125
N26 250 136 1095 371 724 3209 0.17 4252 083 N/A N/A 107 124
N36 300 150 i208 374 834 3118 0.16 4233 0.83 N/A N/A 104 122
N30 350 151 1216 279 936 2933 0.14 4096 0.67 N/A N/A 97 117
N33 400 133 1071 267 804 2556 0.14 3902 067 N/A N/A 85 107

4%}
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Instrumented Charpy Impact Test Results for the Prairie Island Unit 1 intermediate Shell Forging C
Irradiated to a Fluence of 4.017 x 10" n/ecm® (E > 1.0 MeV)

TABLE 5-7

(Axial Orientation)

[Nermalized Energies
Sample Test | Charpy | ft-Ibvin’ Yield Time to Max. Time to Fracture Arrest Yield Flow
Number | Temp § Energy Charpy Max. Prop. Load Yield Load Max. Loed Lond Stress Stress
" (N-1b) Ea/A Ea/A EgA {1b) (msec) () {msec) (ib) (Ib) (hsi) (hesi)
S25 -25 7 56 29 27 3590 0.13 3590 0.13 3590 0 119 119
S34 25 22 177 145 32 3608 0.14 4225 0.36 4225 0 120 130
S29 S0 19 153 97 56 3458 0.14 3857 0.28 3857 175 115 121
S28 60 49 395 316 78 3538 0.15 4552 0.67 4510 0 118 134
S30 72 63 ‘N 308 200 3431 0.14 4467 0.67 4324 101 114 131
s27 100 59 475 304 171 3363 0.15 4385 0.67 4336 931 112 129
S33 125 69 556 297 258 3346 0.15 4367 0.67 4179 1045 111 128
S36 175 97 781 291 490 3211 0.14 4256 0.67 3622 2111 107 124
S$26 225 135 1087 375 712 3179 0.16 4214 0.84 N/A N/A 106 123
S31* 250 - -—- -
S3s 250 138 1t 377 734 3227 0.19 4320 0.83 N/A N/A 107 125
S$32 300 132 1063 287 775 3046 0.14 4217 0.67 N/A N/A 101 121

* Specimen Alignment Error.  ttais not valid.
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TABLE 5-8
instrumented Charpy Impact Test Resulits for the Prairic island Unit 1 Weld Metal
Irradiated to a Fluence of 4.017 x 10" n/em?® (E > 1.0 MeV)

fNormatized Energies
Sample Test § Charpy ftiibvin’ Yield Time to Max Time to Fracture Arrest Yield Flow
Number | Temp | Energy | Uharpy Max. Prop. Load Yield Load Max. Load Load Stress Stress
e | @) Ea/A Emw/A EwA {ib) (msec) (1b) (msec) (1) (1) (kst) (ksi)

w23 -25 8 164 26 39 3273 0.13 3273 0.13 3273 561 109 109
Wis 25 17 137 102 35 3719 0.16 3956 0.28 3956 300 124 127
w22 72 24 193 i29 54 3329 0.15 4058 0.34 4058 1322 111 123
W2i 100 28 225 138 87 3470 0.14 3964 0.36 3964 1949 115 i23
w19 150 45 362 235 127 3185 0.2 3926 0.61 3926 2436 106 118
w24 175 67 540 280 259 3231 0.14 4029 0.66 3576 2497 107 121
wi7 225 77 620 2n 349 2998 0.13 4001 .64 N/A N/A 100 116
W20 300 92 741 275 465 3072 0.14 3981 0.66 N/A N/A 192 117
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TABLE 5-9

Instrumented Charpy Impact Test Results for the Prairie Island Unit 1 Heat-Affected Zone (HAZ) Metal

Irradiated to a Fluence of 4.017 x 10" n/em? (E > 1.0 MeV)

INormaiized Energles

Sample Test { Charpy fi-iin® Yield Time to Max. Time to Fracture Arrest Yield
Number | Temp | Energy Charpy Max. Prop. ioad Yield Load Max. Load Load Stress
B | () E4A EnwA Ep/A (To) {msec) (1b) (meec) (tb) {Ib) (ksi

HI17* | -100 | --
H21 -100 20 161 136 25 4522 0.19 4780 0.31 4780 0 150
H24 -50 32 258 159 99 4170 0.16 4640 0.36 4612 1321 139
H22 0 82 660 334 326 3870 0.16 4808 0.67 4366 0 129
H20 50 SR 457 8% 378 3911 0.1% 3998 0.27 1405 269 130
H23 72 143 1151 437 714 3748 0.16 4970 084 2823 1344 124
HI19 175 149 1200 409 791 3523 0.14 4599 0.84 N/A N/A 117

HI8 300 123 990 297 693 3269 0.14 4419 0.67 N/A N/A 109 128

* Specimen Alignment Error. Data is not valid.
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Instrumented Charpy impa
irradiated to a Fluence of 4.017 x 10" n/em® (E > 1.0 MeV)

TABLE 5-10

ct Test Results for the Prairie Island Unit 1 Correlation Monitor Material

Energies

Semple Test | Charpy |  fi-ibfin’ Yield Time to Max. Time to Fracture l Arrest Yield Flow
Number | Temp | Enmergy | Charpy Max. Prop. Load Yield Load Max Losd § Lead Stress Stress
N (n-Ib) EA Ew/A EnA (1b) (msec) (Ih) (msec) (ib) (Ib) (hesi) (ksi)

R17 150 9 72 40 32 3795 0.16 3795 0.16 3795 74 126 126
R22 200 21 169 119 50 3527 0.15 4087 032 4087 759 117 126
R24 206 19 153 104 49 3527 0.14 3992 0.29 3992 545 117 125
Ri8 225 47 3 243 135 3623 0.14 4734 0.51 4633 1700 120 139
R21 250 57 ' 293 166 3449 0.14 4518 063 4498 2494 il5 132
R23 300 76 6.. 295 317 3322 0.14 4300 0.65 3721 2495 110 127
R19 350 78 628 305 323 3379 0.14 4419 0.65 3253 2479 112 130
R20 400 87 701 306 395 3466 0.15 4474 0.65 N/A N/A 115 132
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TABLE 5-11
Effect of Irradiation to 4.017 x 10" n/em® (E > 1.0 MeV) on the Notch Toughness
Properties of the Prairie Island Unit 1 Capsule S Reactor Vessel
Surveillance Materials®

NOTES:

(a) All values obtained from CVGRAPH Version 4.1 results.

(b) These values differ from those reported in WCAP-11006. Those reported in WCAP-11006 were developed
from hand-fit curves using cngineering judgement while the values reported here were determined from
curves generated by CVGRAPH, Version 4.1.

(c) Values determined per the definition of "upper shelf energy” given in ASTM E185-82.

{@) Because the hyperboiic tangent curve fitting process did nct provide a smoath S-shaped curve for the
unirradiated data, these values have been retained from the original unirradiated Chiarpy V-notch hand fit
curves (WCAP-8086).
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Capsule

Comparison of the Prairie island Unit 1 Surveillance Matenal 30 ft-lb Transition Temperature Shifts
and Upper Shelf Energy Decreases with: Regulatory Guide 1.99, Revision 2, Predictions

30 ft-ib Transition

Upper Shelf Energy

Fluence Temperature Shift Decrease
CAPSULE (10" niem?,
E>1.0MeV) | predicted® Measured® | Predicted® | Measured
(°F) (°F) (%) (%)
INTER. SHELL
FORGING C
(Axial Orientation) (] 1.318 474 33.98 2058 5
A 4.478 80.7 84.18 27 10
s 4017 59.7 74.27 26.5 6
INTER. SHELL v 0.5630 36.9 56.36 165 9
FORGING C
(Tangenual P 1.318 474 231 205 10
Onentaton)
R 4478 807 95.85 27 8
] 4017 597 101.46 265 10
WELD METAL v 0.5630 505 3438 25 0
3 1.318 76.4 4515 30 0
R 4,478 818 122.47 40 4
s 4017 962 160.43 39 0
Heat Aftected v 0.5630 0.00 (c)
Zone Matenal
P 1318 7465 32
£ 4.478 149,69 H
S 4.017 137.11 .
Correlation v 0.5630 B5 6 102.84 20
Monitor Material
(HSST Plate 02) P 1.318 109.8 161.40 245 31
(Longitudinal
Oneniaiion) " 4478 140 B 193.72 33 30
33
- — - —

(a) Mmmtwemdo1.99.Rwum2.mhoddogymmo0uamwwﬁgmpomm

capsule fluence values
(b) The Charpy data was fit using the hyperbolic tangent curve fitting program CVGRAPH Version 41"
(See Figures 5-1, 5-4, 5-7, 5-10 and 5-13))
(c) Upper Shelf Energy not obtainable due to toughness, per WCAP-8916.

ANALYSIS OF CAPSULE S FROM THE NORTHERN STATES POWER COMPANY PRAIRIE ISLAND Unit 1

REACTAR VEQRE! RANATAIN Q1LIBVEN | ANCE PRNGRAM
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TABLE 5-13

Tensile Properties of the Prairie lcland Unit 1 Reactor Vessel Surveillance Materials !rradiated to 4.017 x 10" niem” (E > 1.0 MeV}

Materia! Sample Test 0.2% Yieid Ultimate Fracture Fracture Fracture Uniform Yotal Reduction
Numbar Temp. Strength Strength Load Stress Strength Elongatio Elongsatio in Area
CF (ksi) (ksi) (kip) (kst) (ksi) n n (%)
(%) (%)

—_— e e e — — — — —
Inter. Sheil N7 125 774 83.7 2.75 166.0 56.0 105 26.0 66
Forging C
(Tangential) N8 250 75.9 90.7 2.70 186.6 55.0 8.0 224 66

N9 550 69.8 90.7 3.10 178.2 63.2 80 21.8 65

— EWM—_;_— —— =

inter. Shell S7 125 782 947 3.05 207.2 62.1 10.1 228 70
Forging C
(Axial) S8 200 744 92.7 395 2829 80.5 8.3 215 72

S9 550 68.8 89.6 2.95 180.3 60.1 8.6 20.3 68

g ww - —

Surveiilance w7 125 78.9 91.7 3.05 2108 62.1 128 26.7 71
Weld
Metal w8 200 835 86 6 3.30 2129 87.2 12.0 250 68

e 550 75.4 91.7 3.35 1858 68.2 96 216 65

== ——d
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CVGRAPH 4.1 Hyperbolic Tangent Curve Printed at 143414 on 11-06-1996

Results

Curve  Fluence LSE d-LSE  USE d-USE Toed ~-Te2) Toel d-T 0 50
1 0 219 0 158 0 ~3891 0 43 0
2 0 219 0 143 -5 1744 5636 “H 5069
3 0 219 0 142 -18 -158 ATl 168 221
4 0 219 0 145 -13 %50 5] 9454 10019
5 0 219 0 1425 -155 255 10L46 98 10615

300

250

200

« Energy Ft-lbs

C.

-300 -200 100
Temperature in Degrees F

0 100 200 300 400 500 600

Curve Legend

{ Epsmems @ o Jo- 4 So
Jata Set(s) Plotted

Curve Plant Capsule Material Ori  Heat§

1 Pl UNIRR FORGING  SA5083 LT 21918/38566

2 Pl V FORGING  SA5083 LT 21918/38566

3 PU P FORGING  SA5083 LT 21918/38566

4 Pl R FORGING  SA5083 LT 21918/38566

5 Pl S FORGING  SA5083 LT  219i8/38566

Figure 5-1 Charpy V-Notch impact Energy vs. Temperature for Prairie Island Unit 1 Reactor Vessel
Intermediate Sheli Forging C (Tangential Orientation)

ANALYSIS OF CAPSULE § FROM THE NORTHERN STATES POWER COMPANY PRAIRIE ISLAND Unit 1

REACTOR VESSEL RADIATION SURVEILLANCE PROGRAM
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CVGRAPH 41 Hyperbolic Tangent Curve Printed at 144031 on L-06-1996

Results
Curve  Fluence USE d-USE  Toe LE® d-T o LEB
1 0 %3 0 -428 0
2 0 8637 -893 L34 Al
3 0 88.06 ~124 oM Rt
4 0 85 -158 8086 10545
5 0 906 1% 6308 2y
2000
n
Tg“ 150
=8
4
&= 100
o
«
e
Q
-—
S w0
o
~300 =200 -100 100 200 300 400 500 600
Temperature in Degrees F
Curve Legend
| D 20— § e 5 o———
Data Sells) Plotted
Curve Piant Capsule Material Ori  Keatf
| PU UNIRR FORGING  SA5083 LT 21918/38566
2 Pl ¥ FORGING  SA5083 LT 21918/38566
3 Pli P FORGING  SA5080 LT 21918/38566
+ Pl R FORGING  SA5083 LT 21918/38568
bl Pl S FORGING  SA5083 LT 21918/36566
Figure 5-2 Charpy V-Notch Lateral Expansion vs. Temperature for Prairie Island Unit 1 Reactor

Vessel Intermediate Shell Forging C (Tangential Orientation)

ANALYSIS OF CAPSULE S FROM THE NORTHERN STATES POWER COMPANY PRAIRIE ISLAND Unit 1
REACTOR VESSEL RADIATION SURVEILLANCE PROGRAM
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CVGRAPH 4. Hyperbolic Tangent Curve Printed at 144347 on 11-06-1996
Results
Curve __ Fluence T o 50~ Shear d-T o 50~ Shear
1 0 0
2 491
J B2
4 BH
5 12534
100
— 80
«
Q
&
60
-
=
3
o
3 40
o
20
4’#
o
=300 -200 ~100 0 100 200 300 400 500 600
Temperature in Degrees F
Curve Legend
| Dwivrancnys £ Opansinnes jo- L § wpm———e
Data Set(s) Plotted
Curve Plant Capsule Material Ol Heatf
l Pll UNIRR FORGING  SA5083 LT 21918/38566
2 Pll v FORGING  SAS083 LT 21918/38566
3 Pl P FORGING SAS083 LT 21918/36566
4 Pl R FORGING 545083 LT 21918/38566
5 PI S FORGING  S45083 LT 21918/38566
Figure 5-3 Charpy V-Notch Percent Shear vs. Temperature for Prairie Island Unit 1 Reactor Vessel

Intermediate Shell Forging C (Tangentia! Orientation)

ANALYSIS OF CAPSULE S FROM THE NORTHERN STATES POWER COMPANY PRAIRIE ISLAND Unit 1
REACTOR VESSEL RADIATION SURVEILLANCE PROGRAM



5-23

CVGRAPH 41 Hyperbolic .angent Curve Printed a! 163117 on 107199
Results
Curve  Fluence LSE d-1SE  USg d-USE Ted d-TeX ToX d-To &0
l 0 219 0 143 0 =313 0 1% 0
2 0 219 0 156 R ~724 24m 21 1615
3 0 219 0 136 -1 266 3% Uz 0.3
4 0 219 0 129 ~14 b 8418 9955 %6
5 0 219 0 13 -4 42% i ¥4 8063 7658
300
n 250
=
T
= 200
- ° o
=1 -
150
m L4
= — 5
=
100
Z
>
~ P
&3
A /s
=300 -200 -100 0 100 200 300 400 500 600
Temperature in Degrees F
Curve Legend
§ S O KL -2 § - Seo
Data Setls) Plotted
Curve Plant Capsule Material Ori.  Heatd
| Pl UNIRR FORGING  SAS083 TL 21918/38566
2 Pl v FORGING  SA5083 TL 21918/38566
3 Pil P FORGING  SA5083 TL 21918/38566
K Pll R FORGING  SAS5083 TL 21918/38566
5 Pl § FORGING  $A5083 TL  21918/38566

Figure 5-4 Charpy V-Notch Impact Energy vs. Temperature for Prairie Island Unit 1 Reactor Vessel
Intermediate Shell Forging C (Axial Orientation)

ANALYSIS OF CAPSULE S FROM THE NORTHERN STATES POWER COMPANY PRAIRIE ISLAND Unit 1
REACTOR VESSEL RADIA". "N SURVEILLANCE PROGRAM
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CVGRAPH 4.1 Hyperbolic Tangent Curve Printed at 163510 on 11~07-1996
Results
T Curve  Fluence USE d-USE  Te LE® d-T o LEY
I 0 901 0 -1306 0
2 0 7986 -85 1A% uw
K 0 6L87 M4 18u4 a
4 0 8554 047 B 962/
5 0 8L -up mR 8807
200
n
:'.E:.‘ 150
o
>
= 100
©
; !
b o
S w0
p-
-300 -200 ~100 0 100 200 300 400 500 600
Temperature in Degrees F
Curve Legend
| O——r 2O 16 ‘o § o——
Data Set(s) Plotted
Curve Plat  Capsule Matenal Ori __Heatf
1 Pl UNIRR FORGING  SAS063 TL 21916/38566
2 PIl v PORGING  $A5060 TL 21918/38566
3 Pl P PORGING  SA5080 TL 21918/38566
4 Pl R FORGING  SA5083 TL 21918/38566
5 Pl S PORGING  SAS083 TL  21918/38566

Figure 5-5 Charpy V-Notch Lateral Expansion vs. Temperature for Prairie Island Unit 1 Reactor
Vessel Intermediate Shell Forging (Axial Orientation)

ANALYSIS OF CAPSULE S FROM THE NORTHERN STATES POWER COMPANY PRAIRIE ISLAND Unit 1
REACTOR VESSEL RADIATION SURVEILLANCE PROGRAM



CVGRAPH 41 Hyperbolic Tangent Curve Printed at 183757 on 11~07-1996

Results
Curve  Fluence T 0 507 Shear d-T o 50~ Shear
1 0 4781 0
2 0 87 2806
3 0 10312 5531
4 0 14000 »2
5 0 13447 86.66

Percent Shear

-300 -200  ~100 0 100 200 300 400 500 600
Temperature in Degrees F

Curve Legend

| Do R O mmnsnsnne Jo- L S
Data Set(s) Plotted

Curve Plant Capsule Malerial Ol Heatf
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