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ABSTRACT

A surveillance capsule was removed from the Peach Bottom Unit 3
reactor during the outage following Fuel Cycle 7. The capsule contained
flux wires for neutron fluence measurement and Charpy and tencile test
specimens for material property evaluation. Flux wire testing and the lead
factor from previous computer analysis were used to establish the vessel
peak flux location and magnitude. Charpy V-Notch {mpact testing and
uniaxial tensile testing were performed to establish the properties of the
frradiated survelllance materials. The irradiation effects were projected,
based on Regulatory Guide 1.99, Revision 2, to conditions for 32 effective
full power years (EFPY) of operation. The 32 EFPY conditions are predicted
to be less severe than the limits In 10CFRS50 Appendix G requiring
provisions for vessel thermal annealing. Pressure-temperature operating
1imits curves valid to 32 EFPY were developed to 10CFR50 Appendix G
requirements, accounting for frradiation shift per Regulatory Guide 1.99,

Revislen 2.

In conjunction with the surveillance capsule testing, unirradiated
plate and weld Charpy specimens were tested to establish baseline curves,
The {rradiated Charpy data for the Unit 3 plate and weld specimens were
compared to these unirradiates l:ta to determine the shift in Charpy curves
due to frradiation, The results are just above mean shift predictions, but

below the upper bound predictions of the Regulatory Guide.
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1. INTRODUCTION

Part of the effort to assure reactor vessel integrity involves
evaluation of the fracture toughness of the vessel ferritic materials. The
key values which characterize a materiel’s fracture toughness are the
reference temperature of nil-ductility transition (RTypr) and the upper
shelf energy (USE) These are defined in 10CFRS50 Appendix G (Reference 1)
and in Appendix G of the ASME Boller snd Pressure Vessel Code, Section XI
(Reference 2). These documents contain requirements used to establish the
pressure-temperature operating limits which must be met to avoid brittle

fracture,

Appendix H of 10CFR50 (Reference 3) and ASTM E185 (Reference &)
establish the methods to be used for surveillance of the reactor vessel
materials. The first vessel surveillance specimen capsule required by
Reference 3 was removed from Unit 3 in June 1989 The capsule was sent to
the GE Vallecitos Nuclear Center (VNC) for testing after exposure to seven
fuel cycles of irradiation The surveillance capsule contained flux wires
for neutron flux monitoring and Charpy V-Notch impact test specimens and
unfaxial tensile test specimens fabricated from materials from, or
representative of, the vessel materials nearest the core (beltline). The
{mpact and tencile specimens were tested to establish properties for the

frradiated materfals,

The results of the survelllance specimen testing are presented in this
report. The {rradiated material properties are compared to unirradiated
properties from testing of archive specimens, also presented In this
report. Predictions of the RTypr and USE at 32 EFPY are made for
comparison with allowable values in Reference 1. Predictions of 32 EFPY
properties were made based on Regulatory Guide 1.99, Revision 2

(Reference 5).
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Operating limits curves for the Unit 3 reactor vessel are presented in
this report. The curves account for current requirements of References |
and 2. Geometric discontinuities and highly stressed regions, such as the
feedwater nozzles and the closure flanges, are evaluated separately from
the core beltline reglon. The operating limits developed consider the most
Mmiting conditions of the discontinuity regions and the beltline reglon,
$0 a8 to bound all operating conditions. The operating limits developed

.

for the beltline region include frradiation shift, based on Referonce 5

methods
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2. SUMMARY AND CONCLUSIONS

2.1  SUMMARY OF RESULTS

Survelllance capsule 1 was removed from Peach Bottom Unit 3 during the
outage following Fuel Cycle 7 and shipped to VNC.  The flux wires, Charpy
V-Motch and tensile test specimens removed from the capsule were tested
according to ASTM E185.82 (Reference 4).  Revised operating limits ocurves
were developed using the flux wire test results and the requirements &nd
wethods of 10CFRS0 Appendix G (Reference 1) and Appendix G of ASME Code
Section X1 (Reference 2). The methods and results of the fracture

toughness evaluation are presented in this report as follows:

" Section ) Survelllance Program Background

b, Section 4 Peak RPV Fluence Evaluation

0, Section 5 Charpy V-Noteh lmpact Testing

d Section 6 Tennile Testing

v Section 7 Develepment of Operating Limits Curves

Photographs of fractured Charpy specimens are in Appendix A, The

significant results of the evaluation are below:

a.  Capsule 1 was removed from the 30" arimuth position of the
veactor. The capwsule contalned U flux wires: 3 copper (Cu),
3 fron (Fe), and 3 nickel (NI) There were 36 Charpy V-Noteh
specimens Iin the caprule: 12 each of plate material, weild
material and heat affected zone (HAZ) material. The B tensile
specimens removed consisted of 3 plate, 2 weld and 3 HAZ metal

spocimens
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The chemical compositions of the beltline materials were
determined from data obtained from GE QA records or from
correspondence with Babcock & Wilcox (B&W). The copper (Cu) end
nickel (N1) contents were determined for all heats of plate and
veld material. The values for the limiting beltline plate are
0.15¢ Cu and 0. 49% N{. The limiting beltline weld values are
0.21% Cu and 0.21% NI,

Charpy and dropweight test results from the fabrication program
materials certification testing were adjusted to be equivalent to
tes: results done to current standards. The initial RTypr values
for locations of interest in the vessel were determined. They
are 10*F for the limiting beltline plate, -45°F for the limiting
beltline weld (with oy = 16.44'F), 10°F for the closure flange
region, S0°F for the limiting nozzle and 54°F for the bottom head

region,

The flux wires were tested to determine the neutron flux at the
surveillance capsule location. The fast flux (>1.0 MeV) measured
vas 6. 8x108 n/cnz-loc. Based on the flux wire data, the
surveillance specimens received a hest estimate fluence of
1.6x1017 n/cm2 at removal.

The vessel inside surface lead factors were established using an
analysis performed for Peach Bottom Unit 2 that combined
two-dimensional and one-dimensional finite difference transport
analysis. The flux peak occurs at an azimuthal location 25 .5°
from the vessel quadrant references, The lead factor for the
surveillance capsules is 0.95 to the peak vessel inside surface

location,
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h.

The waximum accumulated neutron fluence at 32 EFFY was determined
at the peak 1/4 T locatien, using the flux wire test results, the
lead factor and the methods of Reference &  The maximum 1/4 T
vessel 37 EFPY fluence is s.ox1017 n/cn7.

The surveillance Charpy V-Notch specimens were impact tested at
temperatures selected to define the transition of the fracture
toughness curves of the plate, weld, and HAZ materials.
Measurements were taken of absorbed energy, lateral expansion and
percentage shear. Fracture surface photographs of each specimen
ate presented in Appendix A From absorbed energy and lateral
expansion results for the plate and weld materials the foliowing
values were calculated: index temperatures for 30 ft.lb,
50 ft-1b, and 35-mi]l lateral expansion (MLE) values and USE.
Similar test results were obtained for archive plate and weld
Charpy specimens provided by FECO. The unirradiated specimen
fracture surface pnotographs are presented in Appendix B,

The curves of irradiated plate and weld specimen Charpy impact
energles were compared to the corvesponding unirradiated data to
establish the 30 ft-1b, 50 ft-1b and 35 MLE index temperature
frradiation shifts, and decreases in USE. The surveillance plate
material showed an estimated 16°F shift and a 10X decrease in
USE. The weld material estimated shift was also 16°F, with
decrease in USE of 9%,

The frradiated tensile specimens were tested at room tempera’ure
(70*F), reactor operating temperature (550°F), and estim (ad
onset to upper shelf temperature (160°F). The results tabulated
for each specimen include yleld and ultimate tensile strength,

uniform and total elongation, and reduction of area.

The irradiated plate and weld tensile test results for Unit 3
were compared to unirrvadiated data from the vessel fabricatlon
test program records. The results generally showed increasing

strength and decreasing ductility, consistent with expectations

for {rradiation embrittlement .
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At & part of the development of the pressure temperature (P-T)
operating 1imits curves, the irradiation shifts in RTypy were
predicted, based on the methods of Regulatory Guide 1.99,
Reviston 2 (Reference %)  For information purposes, the messured
shifts for the survelllance plate and weld materials were
compared to the shifts predicted by Refersnce 5.  The measured
shift of 16*F in the piate waterial 30 ft-1b index, for a fluence
of 1.6x1007 nzom?, 1 jJust above the predicted mean shift of
14°F, but ts well beiow the upper limit shift prediction of 20°F,
For the weld material, the measured shift of 16°F 1s slightly
higher than the predicted mean shift of 15°F and well below the
uppeir bound of 30°F,

Data for prediction of most beltline material USE values were not
available. Data for the survelllance materials and the
longitudinal beltline welds were used to predict USF at 32 EFPY
using the methods in Reference 5  The beltline transverss plate
and weld USE values ware predicted to be 78 ft-1b and 82 ft-lb,
respectively, at 32 EFPY.

P-1T curves were developed for three reactor condlitions:
hydrostatic pressure test (Curve A), non-nuclear heatup and
cooldown (Curve B), and core oritical operation (Curve €). The
curves are valid up to 32 EFPY of operation, The limiting
reglons of the vessel affecting the cuirves' shapes are the
norele, bottom head «nd closure flange regions, The bolt preload
and mintwun permlssible operating temperatures were determined to
be 70°*F The predicted frradiation shifts for the Unit 3
beltline materfals are low encugh that the beltline s not
predicted to be limiting through 32 EFFY of operation. The P-T

curves for Unit 3 are shown in Flgure 2-1,



2.2 CONCLUSIONS

The requirements of Reference | deal basically with vessel design life
conditions and with limits of operation designed to prevent brittle
fracture. Based on the evaluation of surveillance testing results, and the

associated analyses, the following conclusions are made:

a. The adjusted reference temperatures at 32 EFPY for the limiting
beltline material of 71°F is below the Reference 1 allowable
1imit of 200°F, above which special analyses or provisions for

annealing are required,

b, The 32 EFPY values of USE could not be calculated for all
beltline plates, but the 32 EFPY USE for the survalllance
beltline plate, 78 ft-1b, and the lowest USE predicted for
beltline welds, 82 ft.1b, are well above the Reference 1
allowable minfmum of 50 ft-1b. The surveillance plate USE should
be representative of the other beltline plates' USE values, so
there s no need, based on USE values, for special analyses or

provisions for annealing the Unit 3 vessel beltline.

0. Examination of the normal and upset operating conditions expected
for the reactor shows that the worst pressure-tempsrature
conditions expected from unplanned temperature transients are
acceptable relative to the limits in Figure 2-1. Therefore, the
only operating conditions for which the operating limits are a
concern are those involving operator interaction, such as
pressure testing and Initiation of core eriticality.
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3. SURVEILLANCE PROGRAM BACKGROUND

3.1 CAPSULE RECOVERY

The Faach Bottom Unit 3 reactor was shut down in March, 1987 . The
sccumulated thermal power output was 9.11%10% Mwa or 7.57 EFPY. The
reactor pressure vessel (RPV) originally contained three surveillance
capsules, at 30*, 120* and 300° arimuths at the core midplane, The
specimen capsules are held against the RPV inside surface by a spring
loaded specimen holder. Each capsule receives equal irradiation because ef
core symmetry. In June 1989, Capsule I at 30° was removed. The capsule
was cut from its holder assembly and shipped by cask to the GE Vellecitos
Nuclear Center (VNC), where testing was performed.

Upon arrival at VNC, the capsule was examined for {dentification. The
drilled hole binary code on the basket showed the reacter number of 27 and
the capsule number of 1, as shown in Figure 3-1. The capsule contained
three Charpy specimen packets and four tensile specimen tubes. Each
tensile specimen tube contained two tensile specimens. Each Charpy
specimen packet contained 12 plate, weld or HAZ Charpy specimens and 3 flux

wires (one iron, one copper and one nickel) in a sealed helium environment.

3.2 RPV MATERIALS AND FABRICATION BACKGROUND

3.2.1  Fabrication History

The ~each Bottom 3 RPV {s a 251 inch diameter BWR/4 desipgn.
Construction was begun by B&VW to the Winter 1965 Addenda of the 1965
edition of the ASME Code. Chicago Bridge & Iron (CB&I) completed the
vessel, generally to the 1968 edition of the ASME Code. The shell and head
plate materials are ASME SA302, Grade B, lovw alloy steel (LAS), modified
per Code Case 1339, The nozzles and closure flanges are ASTM AS08 Class 2
LAS, modified per Code Case 1332.3, and the closure flange holting
materials are ASTM AS40 Grade B23. The fabrication process employed double
quench and temper heat treatment immediately after hot forming, then

electroslag or submerged arc welding and post-weld heat treatment. The
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post-weld heat treatment was typically for 30 hours at temperatures of
1125 ¢ 25°F. The fdentification of plutes and welds in the beltline region
is shown in Filgure 3.2,

3.2.2 Matexrial Propersties of RPY at Fabrication

Material certification recoids were retrieved from GE Quality
Assurance (QA) records to determine chemical and mechanical properties of
the vessel materials. In addition, data on the electroslag welds was
obtained from the Unit 2 surveillence test report (Reference 6). Table 3.1
shows the chemistry data for the Unit 3 beltline materials.

Results of certification mechanical property tests performed during
RPV fabrication were examined, specifically Charpy V-Notch and dropwelght
fmpact test results. Properties of the beltline materials and other
lecations of interest are presented in Table 3.2, The Charpy data
collected were used to establish the RTypr values for each vessel

component , as described in Subsection 3. 2.4,

3.2.3  Specimen Chemlcal Composition

Samples were taken from the surveilllance plate and weld tensile
specimens after they were tested. Chemical analyses were performed using a
Spectraspan 111 plasma emission spectrometer. Each sample was dissolved in
an acid solution to a concentration of 40 mwg steel per 40 ml solution. The
spectrometer was calibrated for determination of Mn, Ni, Mo and Cu by
diluting National Institute of Standards and Technology (NIST)
Speotrometric Standard Solutions. The phosphorus calibration invelved
ana ysis of four reference materials from NIST with known phosphorus
levels. Analysis accuracies ave $0 003X (absolute) for phosphorus and 25%
(relative) for other elements. The chemical composition results are given
in Table 3.3 for the Unit 3 surveillance plate and weld materials. The
results for the plate show reasonable agreement with corresponding data
from fabrication records in Table 3-1. However, the surveillance weld
chemistry results do not correspond to the results for the beltline
electroslag weld heat, as would be expected from normal B&W practices. The
surveillance weld is, however, representative of the beltline welds,
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3.2.4 Juitiel Beference Teuperatutes

The requirements for establishing the vessel component RTypr values
per the ASME Code prior to 1972 are summarized as follows:

a.  Test specimens shall be longitudinally oriented Charpy V-Notch

specimens .

b. At the RTypr, no {mpact test result shall be less than 25 ft:1b,
and the average of three test results shall be at least 30 ft-lb,

e, Pressure tests shall be conducted at a temperature at least 60°F
above the acceptable RTypy for the vessel.

The current requirements for establishing RTypr are significantly
different. For plants constructed to the ASME Code after Summer 1972, the

requirements are as follows:

a.  Charpy V-Notch specimens shall be orfented normal to the rolling

direction (transverse),

b.  RTypr is defined as the higher of the dropweight NDT or 60°F
below the temperature at which Charpy V-Noteh 50 ft-1b energy and
35 wile lateral expansion are met,

0. Bolt-up in preparation for a pressure test or normal operation
shall be performed at or above the RTypyr or lowest service

temperature (LST), whichever is greater,

Reference 1 states that for vessels constructed to a version of the
ASME Code prior to the Summer 1972 Addendum, fracture toughness data and
data analyses must be supplemented in an approved manner. GE has developed
methods for analytically converting fracture toughness data for vessels
constructed before 1972 to comply with current requirements. GE developed
these methods from data in WRC Bulletin 217 (Reference 7) and from data
collected to respond to NRC questions on FSAR submittals in the late 1970s.
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These methods and example RTypy calculations for vessel plate, weld, weld
MAZ, forging, and bolting material are summarized in the remainder of this
subsection. Calculated RTypr values for selected RPV locations are given
in Table 3.2,

For vessel plate material, the firet step in calculating RTypr is to
establish the 50 ft.1b transverse test temperature from longitudinal test
specimen data. There are typleally three energy values at a glven test
temperature. The lowest energy Charpy value is adjusted by adding 2°F per
ft-1b energy to 50 ft-1b. For example, for the limiting Unit 3 beltline
plate the test temperature and lowest Charpy energy from Table 3.2 is
44 ft-1b at +10°F for Heat €2773-2. The equivalent 50 ft-1b lengitudinal

test temperature is:
Tsop = 10°F ¢ [(50 - 44) fe-1b * 2°F/ft-1b] = 22°F

The transition from longitudinal data to transverse data is made by adding
30*F to the test temperature. In this case, the 50 ft-1b transverse Charpy
test temperature {s Teop = 52°F.  The RTypr is the greater of NDT or
(Tspor « 60°F). From Table 3.2, the NDT for Heat €2773.2 {s 10°F, and
(Tsor + 60°F) is <8°F. Thus, the RTypr for that beltline plate is 10°F,

For vessel weld material, the Charpy V-Notch results are usually
IMmiting in establishing RTypy. The 50 ft-1b test temperature is
established as for the plate material, but the 30°F adjustment to convert
longitudinal data to transverse data is not applicable to weld metal. 1In
Reference 6, nine sets of Charpy curves for the electroslag weld heat used
in Units 2 and 3 were evaluated to determine (Tgsor - 60°F) of -45°F. There
are no NDT data avallable for the longitudinal electroslag welds., The GE
procedure requires that, when no NDT i{s available, the resulting RTypt be
+50°F or higher. 1In this example, (Tgor - 60°F) 1s -45°F, so the RTypr is
«45°F. Since the RTypr for the electroslag welds was based on stetistical

analysis of 9 curves, the value of oy discussed in Reference 5 is the

standard deviation from the statistical analyeis of the 9 curves, or
16 .44°F,




For the vessel weld MAZ material, the RTypr i assumed to be the same
as for the base material since ASME Code weld procedure gyualification test
requirements and post-weld heat treatment data indicate *his assumption is
valld,

For vessel forging material, such as nozzles and closure flanges the
method for establishing RTypy is the same as for vessel plate matcrial.
For the recireulation inlet nozzles N2, the lowest Charpy data at 4O°F i
30 ft-1b, and the NDT is 10°F. In this case, (Tyor + 60°F) is greater than
NDT, so the RTypy is [40 ¢ (50-30)%2 4 30 - 60), or 50°F.

For bolting material, the current ASME Code requirements define the
LST as the temperature at which transverse Charpy V-Notch energy of 45
ft.1b and 25 mils lateral expansion (MLE) are achieved, I1f the required
Charpy results are not met, or are not reported, but the Charpy V-Notch
energy reported is above 30 ft-1b, the requirements of the ASME Code at
construction are applied, namely that the 30 ft-1b test temperature plus
60*F {s the lowest service temperature (LST) for the bolting materials,
Charpy data for the studs did not meet the 45 ft.1b, 25 MLE reguirement,
but 30 ft-1b energies were met at 10°F.  Therefore, the bolting material
LST 18 70°F,

3.3 SPECIMEN DILSCRIPTION

The survelllance capsule contained 36 Charpy specimens: base metal
(12), weld metal (12), and HAZ (12). There were B tensile specimens: base
metal (3), weld metal (2), end HAZ (3). The capsule contained 9 flux
wires: 3 {ron, 3 nickel and 3 copper. The chemistry and fabrication

history for the Charpy and tensile specimens are described in this section,

3.3.1  Charpy Specimens

Charpy specimen fabrication is described in the vessel purchase
specification (Reference 8). All specimen materials were specified to be
beltline materials, but the chemistry test results indicate that the weld
wire heat used Is not the same &8 that in the Unit 3 beltline. It i,
however, representative of the beltline electroslag welds.
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The base metal specimens were cut from Heat C3103-1. The surveillance
test plates received the same heat treatment as the fabrication specimens
for Meat €3103-1, including the post-weld heat treatment for 30 hours at
1125°F 4 25°F.  The method used to machine the specimens from the test
plate 1s shown In Figure 3.3 Specimens were machined from the 1/4 T and
1/64 T positions in the plate, in the longitudinal orientation (long axis
parallel to the relling direction). The identifications of the base metal
Charpy specimens recovered from the surveillance capsule arve shown In
Table 3.4

The weld metal and MAZ Charpy specimens were fabricated by welding
together two pleces of the surveillance test plate with a weld which was
specifled to be fdentfcal to the beltline longitudinel wseam welds The
same weld procedure was used, but the actual weld wire heat and flux lot
probably were not used in the vessel beltline welds, based on the results
of the specimen chemistry tests. The welded test plate for the weld and
HAZ Charpy specimens each received stress rvelief heat trectment at
1125°F 4 25°F for 30 hours to simulate the fabrication specimen conditions.
The weld specimens and HAZ specimens were fabricated as shown in Filgures
34 and 35, respectively. The base metal orfentation in the weld and HAZ
specimens was longltudinal . The specimens were stamped on one end with the

fdentifications shown Iin Table 34,

3.3.2 Tensdle Speclmens

Fabrication of the survelllance tensile specimens is described in
Reference 8. The materials, and thus the chemical compositions and heat
treatments for the base, weld and HAZ tensiles are the same as those for
the corresponding Charpy specimens. The ldentifications of the base, weld,
and HAZ tensile specimens are given in Table 3-4. A summary of the

fabrication methods follows

The base metal specimens were machined from material at the 1/4 T and
374 T depth.  The specimens, oriented along the plate rolling direction,
were machined to the dimensfons shown in Figure 3.6. The gage section was

tapered to a minimum diameter of 0,250 inch at the center. The weld metal
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tensile specimen materials were cut from the welded test plates, as shown
in Flgure 3:7. The specimens were machined entirely from weld metal,
scrapping material that might include base metal. The fabrication method
for the HAZ tensile specimens is {llustrated in Figure 3.8, The spocimen
blanks were cut frow the welded test plates such that the gage section
winimum dlameters were machined at the weld fusion line. The finished HAZ
specimens are approximately half weld metal and half base metal orlerted

along the plate rolling direction
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Table 3-1

CHEMICAL COMPOSITION OF RPV BELTLINE MATERIALS

Composition by Weight Percent
t/lot No, P S Si

W W W
OO0 90"

Pk pud et el

w

5
56
5

W ¢

see above

rmediate Cirth Weld
Linde 1254
Flux Lot 3932

Intermediate te Lower-Intermedia
IP&4217,

Flux

T




Table 3.2
MECHANICAL PROPERTIES OF BELTLINE AND OTHER SELECTED RPV MATERIALS

Test Charpy . 60
Ident Heat Temp. Fnergy NDT 150'1' o R',NDT
—nbtation . Nusber  Number C(F) _(f:db) OB __CHR_ . _CH

Beltline

Lower Shell Plates 6-146-1 C46RY. 10 101,78,69 10 «20
6-146-3 CLEBGL- 10 63,60,60 <20 «20
6:-146-7 CLE27- 10 68,82,90 <20 «20

Lower Intermediate 6-139-10 8773 10 44, 56,46 10 -8
Shell Plates b+«139-11 C€2775- 10 58.66,68 10 -20
«139-12 C3103. 10 57.,66,76 10 «20
Intermediate +«146+5 C4608 - 10 82,108,90 10 «20
Shell Plates 1464 C4689.1 10 60,96,105 10 .20
1462 CL6S54 - 10 .5(),77,78 10 - 20
Longitudinal Welds D1,D2,D3 37C065 soe Reference 6 (OI-M GL'F)
El E2,.E3
F1,F2.F3

Lower to Lower-Int
Girth Veld 2 3P4000 7,96,90 N/A

Lower-Int. to Int

Girth Weld 134 1P4217 56,71,60 N/A
den-Beltline

Upper Shell Plate 15-146-2 C4598-1 42 ,80,80
Vessel Flange 48-146-1 ACN9? 96,109,127

Head Flange 209-139.2  AAL95 81,87,94

Top Head Torus 202-139-11 C1982-1 45,60,90 10

Bottom Head Torus A2-146-4 B7255.2 81,28.64 40

Recirce Inlet N2 A7-139-15 EV9934 30,40,31 10

NOTE: N/A = not avallable
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Table 3.4

IDENTIFICATION OF UNIT 3 SURVEILLANCE SPECIMENS

Charpy Specimens *

Irradiated Unirradiated Irradiated Unirradiated Irradiated

Bese Base Yeld ¥eld HAL

1PC 1) JTE
.Y 7TL Ul
/M1 U6
/MY U2
P4 U3
M} TP
/M2 7T™
P17 U4
IMD ITT
PR U5
/MM ITY

/PD L U7

Tensile Specimens

Irradiated Irvadiated Irrvadiated

Base We oo HAL

AGP
ASG

& All specimen {dentifications {nclude two dots
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4. PEAK RPV FLUENCE EVALUATION

Flux wires were analyzed to determine flux and [luence received by the
surveillance capsule. An analysis combining two-dimensional and
one-dimensional flux distribution computer calculations done for Peach Bottom
Unit 2 (Reference €) was evaluated to establish the location of peak vessel
fluence and the lead factor of the Unit 3 surveillance capsule relative to the

peak vessel location,

4.1  FLUX WIRE ANALYS1S

4.1.1 Progedure

The Unit 3 surveillance capsule contained 9 flux wires: three iron,
three copper and three nickel. Each wire was removed from the capsule,
cleaned with dilute acid, weighed, mounted on a counting card, and analyzed
for 1ts radioactivity content by gamma spectrometry. Each iron wire was
analyzed for Mn-54 content and each copper wire for Co-60 at a calibrated 4-cm
source-to-detector distance with 100-cc and 80-cc Ge(Li) detector systems. The
nickel wire's radioactivity had decayed to such a low level that a meaningful

analysi{s could not be done.

To properly predict the flux and fluence at the surveillance capsule
from the activity of the flux wires, the periods of full and partial power
firradiation and the zero power decay periods were considered. Operating days
for each fuel cycle and the reactor average power fraction are shown in

Table 4-1., Zero power days between fuel cycles are listed as well,

From the flux wire activity measurements and power history, reaction
rates for Fe-54 (n,p) Mn-54 and Cu-63 (n,a) Co-60 were calculated. The >1 MeV
fast flux reaction cross sections for the fron and copper wires were estimated
to be 0.212 barn and 0,00374 barn, respectively., These values were obtained
from measured cross section functions determined at GE's Vallecitos Nuclear
Center from more than 65 spectral determinations for BWRs and for the Ceneral
Electric Test Reactor using activation monitors and spectral unfolding

techniques. These data functions are applied to BWR pressure vessel locations
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based on water gap (fuel to vessel wall) distances., The cross sections for
»0,.1 MeV flux were determined from the measured l-to-0.1 MeV cross section

ratio of 1.6,

4.1.2 Resulis

The measured activity, reaction rate and determined full-power flux
results for the surveillance capsule are given in Table 4-2. The >1 MeV flux
value of 6.8x10% n/cm?.s from the flux wires was calculated by dividing the
reaction rate meesurement data by the appropriate cross s~ctions. The
corresponding fluence results, 1.6x1017 n/cw? (31 MeV) was obtained by
multiplying the full-power flux density values by the product of the total
time of irradiation and the full power fraction, shown {n Table 4-1.

Generally, for long-term irradiations, dosimetry results from copper
flux wives are considered the most accurate because of Co-60's long half-1life
(5.27 years). The {ron flux monitor reaction ylelding the shorter half-life
(312.1 day) Mn-54 gave results about 20X lower than the copper reaction.
Because of the long decay period of this survelllance capsule, the nickel wire
Co-58 activity (70.8 day half-1ife) was too low to be utilized. The major
difference between the copper and fron wire results {s due to differences
between the local core power distributfion near the surveillance capsule and
the average core power, especially during the last two cycles, Therefore, the

flux and fluence above are based only on the copper flux wire results.

The accuracles of the values in Tables 4-2 for a 20 deviation are

estimated to be:

t 5% for dps/g (disintegrations per second per gram)
t 12X for dps/nucleus (saturated)

t 30X for flux and fluence >1 MeV

t 40% for flux and fluence >0.1 MeV



Flux wires from Unit 3 were evaluated by General Electric in 1978, The
»1 MeV flux value was 9.8x108 n/cm?.s. . re-evaluation in February 1980, using
data from full neutron spectral determinati.-e at t'.e Browns Ferry 3 vessel,
resulted in a revised >1 MeV flux of 7.1x108 n/cmi-n. Evaluation of the
Unit 3 flux wire results from 1978 using current cross section information
results in a flux of 8.2x10% n/em?-s. The results from this study are lower,
indicating that higher flux was {ncident on the vessel wall early in plant
opevation. Due to the accumulation of several cycles of typical operation and
core power shape, the results from the copper flux wires analyzed in this

report provide a reasonable, but conservative prediction of 32 EFPY fluence.
4.2 DETERMINATION OF LEAD FACTORS

The flux wires detect flux at a single location., The wires will
therefore reflect the power fluctuat.ons associated with the operation of the
plant., However, the flux wires are not necessarily at the location of peak
vessel flux, Lead factors are required to relate the flux at the wires'
location to the peak flux. These lead factors are a function of the core and
vessel geometry and of the distribution of bundles in the core. Lead factors
were generated for the Unit 2 geometry in 1988, using a typical fuel cycle to
determine power shape. Based on a review of core management and the
similarity of the Unit 2 and 3 flux wire results (within 10%), {t is
appropriate to use the lead factors calculated In Reference 6 to compute the
peak location flux for Unit 3. The methods used to calculate the lead factors

in Reference 6 are dliscussed below.

4.2.1 Progcedure

Determination of the lead factor for the RPV inside wall was made using
a combination of one-dimensional and two-dimensional finite difference
computer analysis. The two-dimensional analysis established the relative
fluence in the azimuthal direction at the vessel surface. A series of
one-dimensional analyses were drne to determine the core height of the axial
flux peak and {ts relationsh'p to the survelllance capsule height., The

combination of azimuthal and rxial distrioution results provides the ratio of
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flux, or the lead factor, between the surveillance capsule location and the

peak flux location,

The two-dimensional DOT 1V computer program was used to solve the
Boltzman transport equation using the discrete ordinate method on an (R,6)
geometry, assuming a fixed source. Eighth core symmetry was used with
reflective boundary conditions at 0* and 45°. Neutron cross sections were
determined for 26 energy groups, with angular scattering approximated by a
third-order Legendre expansion. A schematic of the two-dimer “ional vessel
model is shown in Figure 4-1. A total of 113 radial intervals and 45
azimuthal intervals was used, The model consists of an inner and outer core
region, the shroud, water regions inside and outside the shroud, the vessel
wall and the drywell., Flux as a function of azimuth was calculated,
establishing the azimuth of the peak flux and its magnitude relative to the

flux at the surveillance capsule azimuth of 30°,

The one-dimensional computer code (SN1D) was used to calculete radial
flux distribution at several core elevations at the azimuth angle of 25.5°,
where the azimuthal peak was determined to exist. The elevation of the peak
flux was determined, as well as its magnitude relative to the flux at the

surveillance capsule elevation,

4.2.2 Results

The two-dimensional calculation in Reference 6 indicated the flux to be
a maximum 25.5° past the RPV quadrant references (0°, 90°, etc.). The peak
closest to the 30° location of the surveillance capsules removed is at 25.5°.
The distribution calculations establish the lead factor between the
survelllance capsule location and the peak location at the inner vessel wall.
This lead factor is 0.95. The fracture toughness analysis is based on a 1/4 T
depth flaw in the beltline region, so the attenuation of the flux to that
depth is considered. This attenuation is calculated according to the
requirements in Regulatory Guide 1.99, Revision 2 (Reference 5), as shown in

the next subsection.
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4.3 ESTIMATE OF 32 EFPY FLUENCE
The inside surface fluence (fg,rf) at 32 EFPY is determined from the
best estimate of the measured flux from Table 4-2, using the lead factor in

Section 4.2. The time period 32 EFPY, typically assumed for 40-year operation
(80X capacity factor) 1is 1.01x10Y seconds. The resulting 32 EFPY fluence

value at the vessel inside surface is:
fyurf = (6.8x108 n/em?-8)(1.01x10% 8)/0.95
feurf = 7.2x1017 n/em?,

The 1/4 T fluence (f) is calculated according to the following oquations

from Reference 5:
f o fourg(et0:24x) (4-1)

where x = distance, in inches, from the inside surface to the
1/4 T depth.

The vessel beltline consists of the lower-intermediate and lower shell, both

with a thickness of 6.125 inches. For the thickness of 6.125 inches, the

corresponding depths x is 1.53 inches. Equation 4-1 evaluated for Unit 3 is:
f = 0.6925 fg rf

The 1/4 T value of 32 EFPY fluence is as follows:

f = 5. 0x1017 n/cm2



Table 4-1
SUMMARY OF DAILY POWER HISTORY

Operating Fraction of Days Between

—fycle Dates... . Rays...  Eull Powexr . Cysles ..

9/1/74 - 12/24/76 846 0,603
108

4/12/171 - 4/1/78 355 0.779
L8

5/20/78 - 9/15/79 48B4 0.844
51

11/6/79 - 3/7/81 488 0.793
229

10/23/81 - 2/13/83 479 0.903
243

10/15/83 - 7/15/85 640 0.772
228

3/1/86 - 3/31/87 396 0.648

1688 0.750 (average)
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(=%

Wire
_(Element)

Copper 65156
Copper 65157
Copper 655158

Iron 65156
Iron 65157
Iron 65158

' »® L * o L
Table &4-2
SURVETLLANCE CAPSULE FLUX AND FLUENCE
FOR IRRADIATION FROM 9/1/74 TO 3/31/87
Wire dps/g Element Rezction Rate Full Power Fiux -
Weight {(at end of [dps/nucleus (n/cm - s)
—{(g)  Irradiation) = (saturated)] 21 MeV 20,1 MeV
0.3630 7.63x10, 2.46x107 12
0.3697 8.151103 2'63!10~18
0.3691 7.86x10 2.53x10
Svevige = 25010 Y 6.8x10" 1.1x10°
0.1286 3.97x10, 1.15x10 )2
0.1314 6.18110& 1.21110_16
0.1331 3.93x10 1.14x10
Average = 1.16x10 1% 5.5x10° 8_8x10°
8 9
Values from this report (copper only) = 6.8:10 1.1x19

of 3293 HUt.

E ] o
Fluenie
(n/cm)

>1 MeV  _>0.1 MeV

1.6x10%7 2 6x10’

1.3x107 2. 1x10'’
1.6x10"7 2 6x10Y’
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Distribution Analysis
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5. CHARPY V-NOTCH IMPACT TESTING

The 36 Charpy specimens recovered from the Unit 3 surveillance capsule
were impact tested at temperatures selected to establish the toughness
transition and upper shelt of the irradiated RPV materials. Testing was
conducted in accordance with ASTM E23-82 (Reference 9).

5.1 IMPACT TEST PROCEDURE

The testing machine used was a Riehle Model PL-2 impact machine
serial number R-89916. The pendulum has a maximum velocity of 15.44 ft/sec

and & maximum available hammer energy of 240 ft-1b.

The test apparatus and operator were qualified using NIST standard
reference material specimens. The standards are designed to fall both at
70.5 ft-1b and 11.5 ft-1b at a test temperature of -40°F., According to
Reference 9, the test apparatus averaged results must reproduce the NIST
standard values within an accuracy of #5% or #1.0 ft-1b, whichever is
greater. The qualification of the Riehle machine and operator is
summarized in Table 5-1. The calibration results for the low energy
specimens are 0.4 ft.1b higher than the allowable variation in Reference 9.
This i{s due to the occasional "kickback" of a broken specimen half
contacting the hammer, which is only significant to the Charpy results at
very low energies. Since the kickbacks have little effect on the re lts,
especially compared to the typical scatter in the data, no correction to

the test results was made.

Charpy V-Notch tests were conducted at temperatures betwsen -40°F and
300°F. For tests below 70°F methanol was used as the cooling fluld.
Between 70°F and 212°F, water was used as the temperature conditioning
fluid. The specimens were heated in oil above 212°F. Cooling of the
conditioning fluids was done with liquid nitrogen, and heating by an
immersion heater. The fluids were mechanically stirred to maintain uniform
temperatures., The fluid temperature was measured with a calibrated
thermocouple. Once at test temperature, the specimens were manually
transferred with centering tongs to the Riehle machine and impacted within
5 seconds.
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For each Charpy V-Notch specimen the test temperature, energy
absorbed, lateral expansion, and percent shear were evaluated. In
addition, photographs were taken of each fracture surface pair. lateral
expansion and percent shear were measured according to Reference 9 methods.
Percent shear was determined with method one of Subsection 11.2.4.3 of
Reference 9, which involves measuring the length and width of the cleavage
surface and locating the percent shear value from Tables 1 or 2 of

Reference 9.

5.2 IMPACT TEST RESULTS

Twelve Charpy V-Notch specimens each of base, weld, and HAZ material
were tested at temperatures (-40°F to 300"F) selected to define the
toughness transition and upper shelf portions of the fracture toughness
curves . The absorbed energy, lateral expansion, and percent shear data are
listed for each material in Table 5-2. Plots of absorbed energy data for
base, weld and HAZ materials are presented {n Figures 5-1 through 5-3,
respectively. Lateral expansion plots for base, weld and HAZ materials are
presented in Figures 5-4 through 5-6, respectively. The fracture surface
photographs and a summary of the test results for each specimen are

contalned {n Appendix A.

The plate and weld data sets are fit with the hyperbolic tangent
function developed by Oldfield for the EPRI Irradiated Steel Handbook
(Reference 10):

YA+ B*TANH ((T - Tg )/C),
where Y = {mpact energy or lateral expansion
T = test temperature, and
A, B, Top and C are determined by non-linear
regression,
The TANH function Is one of the few continuous functions with a shape

characteristic of low alloy steel fracture toughness transition curves
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5.3 TRRADIATED VERSUS UNIRRADIATED CHARPY V-NOTCH PROPERTIES

As a part of the RPV surveillance test program, some Charpy V-Notch
testing was performed. Data for the plate material specimens
(Heat €3103-1) were recovered from QA records, but consisted only of three
specimen tests at 10°F. For the surve!llance weld, positive identification
of the weld wire heat was not obtained from B&W. Therefore, unirradiated
archive surveillance specimens were obtained from PECO and tested to
establish the baseline needed to determine the irradiation shift.

To minimize personnel exposure, the unirradiated specimens were tested
on the Tinius-Olsen Charpy test apparatus in San Jose (serial number
119037), with available hammer energyv of 264 ft-1b and impact velocity of
16.8 ft/sec. The machine was calibrated with NIST specimens in May 1990,

The calibration results, shown in Table 5-3 were within specifications,.

Twelve each of plate and weld material specimens were tested at
temperatures between -40°F and 300°F. Impact energy, lateral expansion and
percent shear were determined with the same methods used for the {rradiated
specimens. The results are presented in Table 5-4. Photographs of

specimen fracture surfaces are in Appendix B.

The impact energy and MLE data for the unirradiated materials were fit
with the TANH function in the same manner as the irradiated data. The
results for plate and weld {mpact eneigy are plotted in Flgures 5-7 and
5-8, respectively, along with the corresponding irradiated data described
in Section 5.2. The results for lateral expansion are plotted in Figures

5.9 and 5-10 for the plate and weld material, respectively,

The {rradiated and unirradiated Charpy V-Notch data were used to
estimate the values given in Table 5-5: 30 ft<1b, 50 ft-1b and 35 MLE
index temperatures, and the USE fer both irradiated materials and
unirradiated materials, where avallable. Transition temperature shift
values are determined as the change in the temperature at which 30 ft-1b
impact energy is achleved, as required in Reference 4. Values were not
determined for HAZ material because of the amount of scatter in the Charpy
data, which {s typical for that material.
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5.4 COMPARISON TO PREDICTED SHIFT

The measured transition temperature shifts for the plate and weld
materials were compared to the predictions calculated according to
Regulatory Guide 1.99, Revision 2 (1.99). The 1.99 methods used to
calculate shift are described in Sectio 7.6. The inputs for the

surveillance plate and weld materials are as follows:

Plate: (based on Table 3-3 values)
Copper: 0.13%
Nickel: 0.632
fluence: 1.6 x 1017 n/cm2

Weld: (based on Table 3-3 values)
Copper: 0.11%
Nickel: 0.41%
fluence: 1.6 x 1017 n/em?

The chemistry factors (CF) are 91.8 for the plate and 102.5 for the wveld.
The fluence factor is 0.1495. The predicted shifts are, therefore, as

follows:
ARTNDT ARTNpT + Margin Actual Test
Plate 13.7°F 27.4°F 16°F
Weld 15.3°F 30.6°F 16°F

The measured shifts of 16°F for both the plate and weld materials are
slightly more than the mean prediction, and considerably less than the

upper bound predictions of 1,99,
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Specimen

ldentification

MM-15
MM-15
MM-15
MM-15
MM-15

LL-18
LL-18
LL-18
LL-18
LL-18

086
503
364
264
326

105
246
496
1012
040

Table 5-1

VALLECITOS RIEHLE CHARPY MACHINE

QUALIFICATION TEST RESULTS USING

NIST STANDARD REFERENCE SPECIMENS
(TESTED 3/5/90)

Test Energy
Bath Temperature Absorbed
67T TTT RS 4. ISR ¢ 4 T | 3}
Methanol <40 70.0
" <40 69.0
. ~40 71.0
. ~40 67.5
x <41 66.0
Average 68.7
Methanol <40 12.5
" <40 13.8
y 41 313.9
" «40 12.5
. <40 12.5
Average 12.9

Acceptable
Range

i ftdb)

0.5 % 3.3

11.8%1.0



Specimen

ldentification . CE . (Sl _(nlls)

Weld:

HAZ:

7P1
7V
Té6
7TB
MU
M5
7PP
™7
P2
™)
7MB
TPY

7TJ
7TL
TUA
7TK
AL
7TU
7UP
7TD
All
AlS
7YD
Al4

A27
AlC
AlE
AlL
AlK
A3A
A22
A2E
A23
AlD
AlJ
A2T

CHARPY V-NOTCH IMPACT TEST RESULTS
FOR IRRADIATED RPV MATERIALS IN UNIT 3

Test
Temperature

<40
-30
-20
-10
0
20
40
80
120
160
200
300

<40
=20
-10

10
20
40
80
120
160
200
300

<40
=30
-20
-10

20
40
80
120
160
200
300

Table 5-2

Fracture
Energy

13,
15,
43.
b6 .
65,
112.
102,
129.
121,
128,

coowooowLUWLOO

-
oe
SVUUVLULUOoOUVMOoOOoOWLOO

16.
23.
37.
41,
21.
83.
111
125.
99,
103,
107.
162,

OOCOoOOowOoOuwvLuULUoL

5.6

Lateral Percent Shear
Expansion (Method 1)

(3)

6 3
11 7
13 9
14 8
34 16
i 22
50 23
88 73
70 67
86 100
89 100
88 100
9 4
16 3
20 6
14 3
20 15
35 11
42 23
56 32
73 75
74 84
85 100
81 100
16 2
20 12
34 8
31 16
21 19
60 40
83 47
91 82
70 81
87 100
88 100
86 100



Specimen

SIS

EEEEE

<16
«16
16
<16
<16

-19
-19
-19
-19
-19

307
465
5G9
552
915

124
354
411
702
925

Table 5-3

SAN JOSE TINIUS-OLSON CHARPY MACHINE
QUALIFICATION TEST RESULTS USING
NIST STANDARD REFEKENCE SPECIMENS

(TESTED 5/14/90)

Test Enexvgy
Bath Temperature Absorbed
SMedlam R & - LI eI
Methanol «40 71.0
. “40 72.0
’ -40 75.0
v -40 738
" ~40 73.0
Average 72.5
Methanol ~40 11.9
" <40 1.9
= ~40 12.0
s ~40 10.5
e -40 11.5
Average 1i.4

Acceptable
Range
G T 1H

69.4 £ 3.5

11,92 1.0



Table 5-4

& CHARPY V-NOTCH IMPACT TEST RESULTS
FOR UNIRRADIATED RPV MATERIALS IN UNIT 3

Test Fracture Lateral Percent Shear
Specimen Temperature Energy Expansion (Method 1)
® ldentification .. CE) . _(fe-1b) . (mils) (%)
Base:
7PC -40 10.5 8.5 0
7LY =40 24.5 16.5 0
TMT -20 18.5 16.0 16
& 7MY 0 34.0 26.0 15
7P4 20 60.5 43.5 27
M3 40 85.0 62.0 39
M2 60 72.0 51.5 38
7P7 80 98.5 70.0 67
7MD 120 1178 B86.5 83
® 7PB 160 130.0 81.0 100
MM 200 130.0 80.0 100
79D 300 143 .5 83.0 100
Weld:
7TE ~40 6.5 3.0 0
® 7Ul -20 17.5 15.5 6
7U6 (4] 29.0 20.5 11
702 0 48.0 41.5 15
7U3 20 89.5 30.5 14
7TP 40 56.5 46.0 22
7T™ 60 44 .0 39.0 39
- U4 80 54.0 40.5 41
7TT 120 92.0 70.0 77
7US 160 101.0 77.0 100
TY 200 106.5 80.0 100
707 300 104 .0 79.0 100
£
@
o
5-8




Table 5-5

SIGNIFICANT RESULTS OF IRRADIATED AND
UNIRRADIATED CHARPY V-NOTCH DATA FOR UNIT 3

Upper Shelf?®

e dndex Tempexature C°E) . Energy
(ft-1b)
Materis) E=30 ft-1b E=50 ft-1b  MLE=35 mil 1
Unirradiated Plate -14 A7 12 137/ 89
lrradiated Plate s | 23 e b | 123/ 80
Diffevence 16 6 1 14/ 9 (10%)
Unirradiated Weld 2 47 34 110
Irradiated Weld 18 1Y ik 100
Difference 16 7 -1 10 (9%)

8 Longitudinal (L) USE is from the data shown in Figures 5-7 and 5-8,
Transverse (T) plate USE is taken as 65X of the
longitudinal USE, according to Reference 11, L/T USE values are

equal for weld metal, which has no orientation effect,
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6. TENSILE TESTING

Eight round bar tensile specimens were recovered from the Peach Bottom
Unit 3 surveillance capsule and tested, Uniaxial tensile tests we.e
conducted in air at room temperature (70°F), RPV operating temperature
(550°F), and onset of upper shelf temperature (160°F). The tests were
conducted in accordance with ASTM E8.-81 (Reference 12).

6.1 PROCEDURE

All teets were conducted using a screvw-driven Instron test frame
equipped with a 20-kip load cell and special pull bars and grips. Heating
was done with a Satec resistance clamshell furnace centered around the
specimen load train, The test temperature was monitored and controlled by a
chromel-alumel thermocouple spot-welded to an Inconel clip that was
friction-clipped to the surface of the specimen at its midline. Before the
elevated temperature tests, a profile of the furnace was conducted at the
test temperature of interest using an unirradiated steel specimen of the
same geometry. Thermocouples were spot-welded to the top, middle, and
bottom of a central 1 inch gage of this specimen. In addition, the clip-on
thermocouple was attached to the midline of the specimen. When the target
temperatures of the three thermocouples were within 25°F of each other, the
temperature of the clip-on thermocouple was noted an? subsequently used as
the target temperature for the irradiated specimens.

All tests were conducted at a calibrated crosshead speed of

0.005 inch/min until well past yield, at which time the speed was increased
to 0.05 inch/min until fracture.
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The test specimens were machined with a minimun diameter of 0.250 inch
at the center of the gage length. The yleld strength (YS§) and ultimate
tensile strength (UTS) were calculated by dividing the nominal area
(0.0491 in?) into the 0.2% offset load and into the maximum test load,
respectively. The values listed for the uniform and total elongations were
obtained from plots that recorded load versus specimen extension and are
based on & 1.0 inch gage length. Reduction of area (RA) values vere
determined from post-test measurements of the necked specimen diameters
using & calibrated blade micrometer and employing the following formula:

RA = 100X * (A, - Ag)/Ag

After testing, each broken specimen was photographed end-on, showing the

fracture surface, and lengthwise, showing the fracture location and necking.
6.2 RESULTS

Irradiated tensile test properties of Yield Strength (Y§), Ultimate
Tensile Strength (UTS), Reduction of Area (RA), Uniform Elongation (UE), and
Total Elongation (TE) are presented in Table 6-1, A stress-strain curve
for a 550'F base metal {rradiated specimen is shown in Figure 6-1. This
curve 1s typical of the stress-strein characteristics of all the tested
specimens., The data in Table 6-1 are shown graphically in Figures 6-2 and
6-3. As can be seen from Figures 6-2 and 6-3, the base, weld and HAZ
materials generally follow the trend of decreasing preperties with
increasing temperature. Photographs of the fracture surfaces and necking

behavior are given in Figures 6-4 through 6-6.
6.3 IRRADIATED VERSUS UNIRRADIATED TENSILE PROPERTIES

Unirradiated tensile test data, shown {n Table 6-2, were recovered from
QA records for surveillance plate Heat C3103-1., The unirradiated data
provide average values of Y§, UTS, RA, and TE at room temperature. These
vere compared to the {rradiated plate specimen RT data to determine the
frradiation effect. The trends of increasing YS and UTS and of decreasing
RA, characteristic of {rradiation embrittlement, are seen. The increasing
TE seen may be due to different reference gage lengths for the tests.

6-2

it R el e g



Table 6-1

TENSILE TEST RESULTS FOR IRRADIATED RPV MATERIALS

FOR UNIT 3
Test Yield® Ultimate Uniform Total Reduction

Specimen Te Strength Strength Elongation Elongation of Area
JNumber., LCER) 0 kel had) (X) {3) S\ -
Base:

A4l 68 74.0 96 .0 14.5 29.5 66 .6

ALA 160 68 .9 90 .4 13.0 27.3 69 .9

ALb 550 67.3 95.6 14.0 26.9 59.6
Weld:

AGP 66 64.2 86.9 15.0 29.7 68.6

AS4 550 60.0 83 .4 12.5 24.5% 60.7
HAZ

A62 68 67.0 88.5 138 27 .4 67.6

ASM 160 63 6 84.2 1%.% e.8 68.3

ASE 550 61.5 83.8 10.6 23.0 64,2

" Yield Strength is determined by 0.2% offset,
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Table 6-2

COMPARISON OF UNIRRADIATED AND IRRADIATED
TENSILE PROPERTIES AT ROOM TEMPERATURE

FOR UNIT 3
Yield Ultimat Total
Strength Strength Elvngation
A L TWRIRIANAT | WA ¢ IR
Plate:
Unirradiated 7.3 91.5 28.1
Irradiated 74 .0 96.0 29.5
Difference ® 3.8% 4. 9% 5.0%

& pDifference = |(Irradiated - Unirradiated)/Unirradiated) * 100X

6.4

Reduction
of Area

N 5 B—

71.6

66 .6

«7.0%
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DEVELOPMENT OF OPERATING LIMITS CURVES

7.1 BACKGROUND

Operating Mmits for pressure and temperature are required for three
categories of operation (@) hydrostatic preswure tests and leak tests,
referred to as Curve A, (b) non-nueclear heatup/cooldown and low-level

physics tests, referred te as Curve B and (¢) core eritical eperation,

referred tuv as Curve ( There are three vessel reglons that affect the
gperating limite the clocure flange reglon, the cere beltline reglon, and

the remainder of the vessel, or non-beltline reglons The closure flange

reglon llmits are controlling at lovwer pressures primarily because of

Reference 1 requirements The non-beltline and beltline reglon operating

Huits are evaluated according to procedures in References 1 and 2, with the

LN ]

beltline reglon minimum temperature limits increasing as the

vessel s
{rradiated

/.2 NON-BELTLINE REGIONS

Non-beltline reglons are those locations that receive too little

fluence to cause any RTypr increase Non-beltline components include the

noreles, the closure flanges, some shell plates, top and bottom head plates

and the control rod drive (CRD) penetrations Detalled stress analyses of

the non-beltline components, ¢ onsidering operating transfents with

relatively high pressures and low

BWR/6

temperatures, wore performed for the
specifically for use In developing pressure temperature (P-T) 1imity

The analyses bounded all mechanical loadinge and thermal transie:.s

anticipated Detailed stresses were

used according to Reference 2 to

develop plots of allowable pressure (F) versus temperature relative to the

teference temperature (1 RTypt) These results are applicable to the

Unit 3 vessel components, since the non-beltline peometries are not

slgnificantly different from BWR/6 configurations and the mechanical and

thermal loadings are comparable




The non-beltline region results were established by adding the highest
RTypr for the non-beltline discontinuities to the P versus (T - RlIypy)
curves for the most limiting BWR/6 components, which are the CRD penetration
and feedwater nozzle, Table 3.2 has the limiting RTypr values applicable to
the feedwater nozzle limits and to the CRD penetration limits. They are
S0'F for the feedwater nozzle limits, based on the RTypy of the
recirculation inlet nozzles, and 5 *F for the CRD penetration limits, based
on the RTypr of the bottom head torus plates.

7.3 CORE BELTLINE REGION

As the beltline fluence increases during operation, the beltline P-T
1imit curves shift to the right by an amount discussed in Subsection 7.6,
Depending on the amount of shift, the beltline curves may or may not become
more limiting than the non-beltline curves at some time during plant life.
The stress Intensity factors calculated for the beltline reglon according to
Reference 2 procedures are based on a combination of pressure and thermal
stresses. The pressure stresses were calculated using thin-walled cylinder
equations. Thermal stresses were calculated assuming the through-wall
temperature distribution of a flat plate subjected to a 100*F/hr thermal
gradient. The adjusted RTypt (ART) values calculated in Subsection 7.6 for
the limiting beltline materials were used to adjust the P versus (T - RTypp)
values from Flgure G-2210-1 of Reference 2. ART {s the initial RTypy plus
the shift in RTypr due to {frradiation,

7.4 CLOSURE FLANGE REGION

References 1 and 2 have several requirements that affect the P-T
curves, based on the RTypr values in the closure flange region. As stated
in Paragraph G-2222(c¢c) of Reference 2, for application of full bolt preload
and reactor pressure up to 20X of preservice hydrostatic test pressuve (312
psig), the closure flange region metal temperature must be at RTypr or
greater. The GE practice, however, is to recommend (RTypr + 60°F) for bolt

preload, for two reasons:

7+2



. The original ASME Code of construction required (RTypy + 60°F);
and

b. The highest stressed reglon during boltup is the closure flange
region, and the flaw size assumed in that reglon (0.24 inches) is
less than 1/4 T. This flaw size is detectable using ultrasonic
testing (UT) techniques. In fact, References 13 and 14 report
that & flaw in the closure flange region of 0.09 inches can be
reliably detected using UT.

For Unit 3, (RTypy + 60°F) of the closure region materials is 70°F, because
the RTypy values for the upper shell plates, top head plates and flanges are
all 10°F, and the LST of the closure studs .s 70°F. Therefore, the bolt
preload temperature used in developing the P-T curves was 70°F,

Reference 1, Paragraph IV.A. 2, sets requirements on minimum temperature
wvhen pressure is above 312 psig. The requirements are based on the RTypr ot
the closure region, Curve A temperature must be no less than (RTypy ¢ 90°F)
and Curve B temperature no less than (RTypy + 120°F). The Curve A
requirement causes a 30°F shift at 312 psig on the P-T curves. The Curve B
requirement {s not seen on Curve B, because the non-beltline part of the
curve is more limiting.

7.5 CORE CRITICAL OPERATION REQUIREMENTS OF 10CFRS50, APPENDIX €

Curve C, the core critical operation curve, is developed from the
requirements of Reference 1, paragraph IV.A 3, Essentially paragraph 1V.A. )
requires that Curve C be 40°'F above any Curve A or B limits, Curve B {s
more limiting than Curve A, so Curve C {s Curve B plus 4O0°'F, Curve C
inftiates at zero pressure at (RTypy + 60°F), based on an exception for BWRs
in Parvagraph 1V.A. 3, allowing critical operation at temperatures below the
hydrostatic pressure (Curve A at 1100 psig) test temperature. This
exception is valid only when water level {s within the normal range and
pressure {s below 312 psig.
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7.6 EVALUATION OF RADIATION EFFECTS

The impact on adjusted reference temperature (ART) due to irradiation
{n the beltline materials is determined according to the methods in
Reference 5, as a function of neutron fluence and the element contents of
copper (Cu) and nickel (Ni). The specific relationship from Reference 5 is:

ART = Initial RTypr + Shift + Margin (7-1)
where:

Shift = (cp].f(o.?a « 0.10 log 1) (7:2)

Margin = 2%(01? # 0,2)1/2 (7-3)

CF = chemistiy factor from Tables 1 or 2 of Reference &,

f = 174 T fluence (n/em?) divided by 1019,

o1 = standard devistion on initial RTypy,

04 = standard deviation on Riypr shift, is 20°F for welds
and 17°F for base material, except that o, need not
exceed 0,50 times the Shift value.

The limiting beltline plate and weld are determined based on the Cu-Ni
content and initial RTypr of the materials. Calculations to determine 32
EFPY ART values, and thus the limiting beltline materials, are summarized in
Table 7-1. The results show that a lower-intermediate shell plate, Heat
€2773-2, 1s the most limiting beltline material.

One input to the Reference 5 calculations not shown in Table 7-1 is 0.
As determined in Reference 6, the longitudinal electroslag welds have
o1 = 16 44°F. For all the other beliline materials, where RTypr values were
determined from measured Charpy data, o7 = 0°F. The basis for using

o1 = 0°F {s discussed in more detail in Appendix C.




7.6.1 Measvured Versus Predicted Survelllance Shifs

Section 5 of this report comperes the measured shift for the plate
survelllance specimens with predicted shifts for the svrveillance plate
material based on the method shown in Equation 7.2 Reference 5 states that
survelllance data may be used in place of Equations 7-2 and 7-3 when two
sety of credible data are avallable This 18 only the filrst set of data for
Unit 3. Therefore, determinations of ART for the purposes of developing P.1

curves are based on Reference 5 predictions
¢ ORI Nersus EFPY

Equations 7:1 through 7-3 were evaluated for the beltline plate and

weld meteals Table 7-1 shows the 32 EFPY fluence at the vessel 1/4 1

locations to bhe 5.0x1017 n/en? Calculations of the plate and weld ART

values at 32 EFPY show that Heat C2773-2 {8 the most

limiting material
throughout plant life Flgure 7-1 shows the ART for Heat C2773-2 as &

4

function of full power years of operation, through 32 EFPY

70603 Fracture Toughness Conditions et 32 EFPY

Paragraph IV.B of Reference 1 sets limits on the ART and on the uppet

shelf energy (USE) of the beltline materials The ART must be less than

00"F, and the USE must be above 50 ft-1bh Based on Table 71, the AR1

values at 32 EFPY of 71°F or less are acceptable

Calculations of 32 EFPY USE, using Reference 5 methods, were done for

the survelllance plate and the beltline welds, and are summarized in

Table 7.2 The fabrication data for the other beltline plates dld not

include USE data, so general conclusions for those plates are drawn based on

the results for the survelllance plate The survelllance plate data are

longitudinal so the equivalent transverse USE of the plate material {s taken

as 65X of the longitudinal USE, according to Reference 11 The weld metal

USE has no transverse/longitudinal correction because weld metal has no

orientation effect The longlitudinal weld ({nitlal USE was computed in

Reference 6, based on data for nine weld prolongations The girth weld

inftial USE {s based on Charpy data taken at only 10°F, so the pirth weld

1«9




results are conservative Extrapolating to the 32 EFPY flusnce accerding to
Reference 5, the lowest predicted transverse USE values for the plate and
weld materiais are 78 ft-1b and 82 ft.1b, respectively While there may be
some variation in the initial USE values of the be' _ine plates, the
moderate copper levels and the relatively low fluence at 32 EFPY, considered

in conjunction with the results for Heat C3103-1, indicate that the 32 EFPY

USE will be above 50 ft-1b for all beltline plates

Based on the above results, 1t {s expected that the beitiine materiale
will have 32 EFPY USE above 50 ft-1b, as required in Reference 1 Since USI
and ART requirements are met, {rradiation effects are nhot severe enough to

necessitate additional analyses or preparations for RPV annealing
7.7 QPERATING LIMITS CURVES VALID TO 52 EFPY

Figure 7.2 shows P-T curves for Unit 3, valid to 32 EFPY The P-1

curves are developed by considering the requirements applicable to the
non-beltline, beltline and closure flange regions In reviewing the shifted

beltline curves, {t was determined that the non-beltline curves are still

limiting at 2! EFPY Therefore, barring any changes due to future

survelllance data or revistlons to regulations, the P-T curves shown in

Filgure 7-2 will apply for operation through 32 EFPY

/7.8 REACTOR OPERATION VERSUS OPERATING LIMITS

For most reactor operating conditions, pressure and temperatuie are ¢

saturation conditions, which are well into the acceptable operating area (to

the right of the P:T curves) The most severe unplanned transient relative

to the P-T curves s an upset condition consisting of several transients

which res 't in a SCRAM The worst combination of pressure and temperature

during this postulated event {s 1180 psig with temperatures in the lower

head of 250%} In this case, the core i not critical, so the non-nucleat

heatup/cooldown curve applies (Curve B) As seen for Curve B in Figure 7.2,

at 1180 psl the minimum *ransient temperature of 250°F lies in the

acceptable operating avea “herefore, violation of the P-T curves is only a

concern in cases where operator interaction occurs, such as during pressure

testing and inftiation of criticality
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Shell
Shell
Shell

Int Shell
Int Shell
Int Shell
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lux Lot
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Table
BELTLINE EVALUATION FOR PEACH BOTTOH 3
Fluence

Peak 1.D flw
Peak 1/6 T flue.

EFPY
Shift

Initial

Margin

32

EFPY
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Table 7-2

ESTIMATE OF UPPER SHELF ENERCY FOR BELTLINE MATERIALS

32 EFPY &

Decrease

Survelllance Plate:

€3103.1 0.14 11%

Beltline Plate (highest copper):
0.15 122

Longitudinal Welds

37C065 0,23 37 Bl

Lower to Lower-Intermediate Girth Weld:

3P4000 0.02 82

Upper Shelf (ft-1b)
Longitudinal /Transverse
Undrradiated 22 EEEY

137/89 122/79
137/89 120/78
99 82
97 b 89

Lower-Intermediate to Intermediate Girth Weld:

1P4217 0.11 12.5%

& USE decrease percentages based on 32 EFPY fluence of 5.0x1017 n/cm?

by

71 b 62

alues are highest Charpy energy from tests at 10°F.
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PRESSURE LIMIT IN REACTOR VESSEL TOP HEAD (psig)
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AA BB CC
(] B (]
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o] 1
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v v
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f I [
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(] 1
' [
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/ B,8' = NON~NUCLEAR HEATUP/
COOLDOWN LIMIT
C.C' ~ NUCLEAR (CORE CRITICAL)
LIMIT
400 - VESSEL DISCONTINUITY
/ LIMITS
312 17 Kt « w SHIFTED BELTUNE LIMITS
CURVES A.B,C ARE VALID
200 FOR 32 EFPY OF OPERATION
BOLTURY
70°F CURVES A'B'.C' FOR BELTUINE
ARE LESS UMITING THAN
AB.C AND ARE FOR INFO ONLY
» ' s e —
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MINIMUM REACTOR VESSEL METAL TEMPERATURE (°F)
Figure 7=2. Pressure~Temperature Curves Volid for 32 EFPY of Operation
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AFPENDIX A
IRRADIATED CHARPY SPECIMEN FRACTURE SURFACE PHOTOGRAPHS

Photographs of each Charpy specimen fracture surface were taken per
the 1equirements of ASTM E185.82. The pages following show the fracture
surface photographe aleng with & summary of the Charpy test results for
each specimen. ™ . _ ces are arranged with the materials in the order

or base, weld and HAZ.
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APPENDIX B
UNIRRADIATED CHARPY SPECIMEN FRACTURE SURFACE PHOTOGRAFPHS

Fhotographs of each Charpy specimen fracture surface were taken per
the requirements of ASTM E185.82. The pages following show the fracture
surface photographs along with a summary of the Charpy test results for
each specimen, The plctures are arranged with the materials in the order

of base and weld,
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APPENDIX €
BAS1S FOR CONSERVATIVE RTypy

The v. "ues of initial RTypr used in this analysis were, in most cases,
based on 30 ft-1b fmpact energy verification testing, with longitudinal
Charpy specimens used for plate, as was standard practice at the time of
vessel fabrication The calculations of initial RTypr values in Section 3
are based on a GE procedure which establishes conservative values of RTupT
from the fabrication test data These RTypt values are expected to be

conservative compared to results that would be obtained from current test

methods

For beltline materials, the methods of calculating adjusted RTypr in
Regulatory Guide 1.99, Revision 2 (Rev 2) include a Margin term to be edded
to the calculated value, ARTypy The Margin term inclides a component for
uncertainty in initial RTypr, 01. Rev 2 discusses determination of oy for
two categorles of initial RTypy, measured values and generic mean values.

For gereric mean values, o1 is simply the standard deviation calculated for

the data set used to compute the mean. For measured values, requirements

for determination of oy are somewhat vague Rev 2 states, "If a measured

value of initial RTypr for the material in question {s avallable, o1 is to

be estimated from the precision of the test method. "® GE's position for

RTNpT values derived from measured data, as is the case for the Unit 3

beltline materials, is that 01 18 zero, as explained in the next paragraph,

& In the Rev 2

draft which was circulated afier editing to incorporate

public comments, the text stated, "¢1, the standard deviation for the

initial RTypr, may be taken as zero if a measured value of initial RTNDT

for the materfal i{n question is available.”




The Charpy curves fit to surveillance data, which ultimately provided
the ARTypt data for development of Rev 2, were best-estimate fits. An
fdealized exanple is provided as Curve 1 in Figure (-1, However, the ASHE
Code approach to determining Riypr Is based on the lowest value of three
specimens exceeding the required limits of impact energy and lateral
expansion. A visualization of a Charpy curve drawvn on the basis of the
Code RTypr approach is shown as Curve 2 in Figure C:1. In comparing Curves
| and 2, 1t is clear that Curve 2, which {& based on the lowest value
rather than the mean value, provides a conservative estimate of initial
RTypy. Therefore. the current ASME Code method of determining RTypr from
measured data is conservative. Since the method used in Section 3 to
calculate RTypy values 1 conservative coempaired to current ASME methods,

oy = O'F is appropriate.
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