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ABSTRACT

nce capsule at 30° azimuth location was removed from the Hope Creek 1 ,
)4 The capsule contained flux wires for neutron fluence measurement and

st specimens for material property evaluation. The flux wires were evaluated
e experienced by the test specimens. Charpy V-Notch impact testing and

g were performed to estat lish the properties of the irradiated surveillance
ed ( le specimens were tested as well to obtain the

i Charpy data for the plate and weld specimens were compared to the
determine the shift in Charpy curves due to wrradiation. The results are within

99 Revision 2

iy Guide I‘

‘
" . > » am 1A ’ r
tensile data for the plate and weld specimens were compared to the
ietearmine the effecrt § ardia r n 1t tre trainm r t nekhiin ""l» >
ermine the erect of uradiation on the stress-strain relatl Siup OI 1he

P —— b — - > . o > al 3 »
anges shown in the matenals were cons

wn by the Charpy specimens

factor determined from the last fuel cycle

bout 14

The resulting estimate was about 14% greater than

munal 32 EFPY fluence, therefore, new pressure-temperature curves
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I. INTRODUCTION
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vessel ferritic matenials. The key values which characternize a 1
reference temperature of nil-ductility tr

. - iy ey
f the fracture

-y
il ’ g :
matenal s rracture

transition (RTypT) and the upper shelf

defined in 10CFRS50 Appendix G [1] and in Appendix G of the ASMI

HIGA

the Hope Creek | reactor vessel matenals, Capsule
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ated capsule was sent to the GE Vallecitos Nuclear Cente
ipsule contained flux wires for neutron flux monitoring and Charpy V-Notct
nd uniaxial tensile test specimens fabricated using mat
thin the core beltline region. The impact and tensile specin
es for the irradiated materials. Unirradiated tensile specimens
Energy (GE-NE) in San Jose and tested using similar testing procedures
ts of the surveillance specimen testing are presented in this rej
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2. SUMMARY AND CONCLUSIONS
4 SUMMARY OF RESULTS

I'he 30° azimuth surveillance capsule was removed and shipped to VNC. The flux wires

Charpy V-Notch and tensile test specimens removed from the capsule were tested according tc

M E185-82 [6] The methods and results of the testing are presented as follows
Section 3 Surveillance Program Background
t Section 4 Peak RPV Fluence Evaluation

' Section ¢ Charpy V-Notch Impact Testing

C Section ¢ ['ensile Testing
Section 7 Development of Operating Limits Curves

['he sigruficant results of the evaluation are below

d [he 30° azimuth position capsule was removed from the reactor. The capsule
contained 9 flux wires: 3 copper (Cu), 3 ron (Fe), and 3 nickel (Ni). There were
36 Charpy V-Notch specimens in the capsule. 12 each of plate matenal, weld

1 | 3 ; » 5 » 1\ g > | . IS s TN | > F-Tal| 1ANe > 218 ) ,J
erial, and heat affected zone (HAZ) matenal The 6 tensile specimens removed

sl a “ A = g * A7 m al "o y
sisted of 2 plate, 2 weld, and 2 HAZ metal specimens
v | ha e ne nr (( { . | { th rrad e |
i he Che compositions 01 Coppe ) and nickel { ) 1 € 1rradiated
1 4 {4 4
I e€rials were analyzed (se¢ 1abi€ ['he values for the irradiatec
, nlate af ¢ nd 6% Ni 1 hisas foor ’ atad
ince plate are 0. 09% Cu and 0.66% Ni1. The values for the irradiated
' | 1 »
i ance weld are 0.06% Cu and 0.4 g

I'he purpose of the flux wire testing was to determine the neutron flux at the

- . | M- | . y . ) ————— "™
rveilance capsuie 10cauon ['he flux wire results show that the fiuence (fros
1 A4 ! 8 pe > ]
| eV flu ice specimens for ¢ EFPY wa
v v 1 rory > N 4 » A
at removal (see >dection 4.5)
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A neutron transport computation was performed, based on the performance of the
last fuel cycle. Relative flux distributions in the azimuthal and axial directions were
developed. The lead factor relating the surveillance capsule tlux to the peak irside

surface flux was 1.01 (see Section 4.2.2)

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 From absorbed energy and lateral expansion
curve-fit results (for plate and weld metal only), the values of USE and of index
temperature for 30 ft-lb, 50 fi-lb and 35 mils lateral exnansion (MLE) were
obtained (see Table 5-4) Fracture surface photographs of each specimen are

presented in Appendix A

['he curves of irradiated Charpy specimens and unirradiated Charpy specimens
established the 30 fi-lb index temperature irradiation shift. The plate material
showed a measured shift of 4°F and the weld matenial showed a measured shift of
61°F. The measured shifts for the plate and for the weld (for a fluence of
142x10' n cm’) were within their respective Reg. Guide 1.99 [7] range
predictions (ARTNDT20) of -26°F to 42°F and -41°F to 71°F, respectively (see

Section 5.4.1)

I'he measured decrease in USE of 14% for the plate matenal compares to a Reg
Guide 1 99 prediction of 7%. The measured decrease in USE of 5% for the weld

material compares to a Reg. Guide 1 99 prediction of 8.5% (see Section 5.4.2)

The irradiated teusile specimens were tested at room temperature (70°F), and
reactor operating temperature (S50°F). The results in companison to unirrad.ated
data were tabulated (see Tables 6-3 and 6-4) for each specimen including yield and
ultimate tensile strength, uniform and total elongation, and reduction of area. The
results generally showed increasing strength and decreasing ductility, consistent

with expectations for irradiation embrittiement

I'he 32 EFPY peak vessel inside surface fluence prediction is 7.5x10 n/cm”,
based on the flux wire test and lead factor results (see Section 4.3). Thus 1s about

14% greater than the previously determined nominal value (6.6x10 n/cm®) using

the first cycle dosimetry [11]
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J As a part of the development of the pressure-temperature (P-T) operating limits
curves, the adjusted reference temperature (ART = initial RTypT + ARTNDT +
Margin) was predicted for each beltline matenal, based on the methods of
Reg Guide 1.99 The ART for the limiting matenial, plate heat SK3025/1, at
32 EFPY is 72.5°F

k The beltline matenal USE values at 32 EFPY were predicted using the methods of
Reg. Guide 1.99, with initial beltline USE values based on estimated USE values
for the plates and 10°F test results for the welds (see Table 7-3). It is expected
\ that the actual 32 EFPY USE will be in excess of 50 ft-lbs for all beltline plates
and welds. In addition, the results of the USE testing for the surveillance materials

show that the BWROG Equivalent Margin Analysis is bounding

l i P-T curves were developed for three reactor conditions: pressure test (Curve A),
non-nuclear heatup and cooldown (Curve B), and core critical operation
(Curve C). The P-T curves, shown in Figures 7-1, 2, and 3, are valid for 32 EFPY

of operation
2.2 CONCLUSIONS

The requirements of 10CFRS0 Appendix G [1] 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 measured 30 ft-Ib shifts are within the Regulatory Guide 1.99, Revision 2
predictions, as is the measured USE decrease for the surveillance weld. The

measured USE decrease for the surveillance plate was greater than predicted

t The values of ART and USE for the reactor vessel beltline materials are shown by

calculation to remain withun hmuts in 10CFRS0 Appendix G | 1] for at least

32 EFPY of operation
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3. SURVEILLANCE PROGRAM BACKGROUND
3.1 CAPSULE RECOVERY

The reactor pressure vessel (RPV) surveillance program consist of three surveillance
capsules at the 30°, 120°, and 300° azimuths at the core midplane. The specimen capsules are
held against the RPV inside surface by a spring loaded specimen holder. Each capsule is located
at a similar positions relative to the core geometry because of core symmetry, therefore, each
capsule is expected to receive equal irradiation. During the Spring 1994 outage, the 30°
positioned capsule was removed. The capsule was cut from its holder assembly and shipped by

ask to the GE Vallecitos Nuclear Center (VNC), where testing was performed.

Upon arrival at VNC, the capsule basket was examined for identification. The Hope
Creek 1 reactor code number is 57, as specified in GE drawing 105D4714. The holder part
number 131C7717G6 as specified in GE drawing 105D4719G7 from master parts list
238X111AC was stamped on the basket and provided positive identification as the 30°
surveillance capsule materials for Hope Creek 1. The general condition of the basket as received
is shown in Figure 3-1. The basket contained three impact (Charpy) specimen capsules and three
tensile specimen capsu'es. Each tensile specimen capsule contained two tensile specimens. Each
Charpy specimen capsule contained 12 plate, weld, or HAZ Charpy specimens and 3 flux wires
(one iron, one copper, and one nickel) in a sealed helium environment.

32  RPVMATERIALS AND FABRICATION BACKGROUND

321 Fabncation History

The Hope Creek 1 RPV is a 251 inch diameter BWR/4 design. Construction was
performed by Babcock-Hitachi to the Winter 1968 edition of the ASME Code Section III with
Winter 1969 Addenda. The shell and head plate matenials are ASME SAS33, Grade B, Class 1
low alloy steel (LAS) The nozzles and closure flanges are ASME SAS08 Class 2 LAS, and the
closure flange bolting materials are ASME SA540 Grade B24 LAS. The plates and welds in the
beltline region of the RPV are shown in Figure 3-2. The vessel plates were heat treated prior to
welding. austenitized typically at 1580°F-1635°T for approximately 3.5 hours and tempered
typically at 1200°F-1256°F for approximately 3.5 hours. The post weld heat treat was typically
40 5 hours minimum at temperatures between 1100°F-1130°F. Submerged arc or shielded metal
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arc welding of plates was followed by post weld heat treatment typically at 1112°F-1170°F for at
least 40 hours
3 2.2 Material Properties of RPV at Fabrication

The chemica! and mechanical properties of the vessel matenals were retrieved from
information documented in the response to Generic Letter 92-01 [15], the UFSAR [5] and the

Tech .Spec. [9]. Table 3-1 shows the chemistry data for the beltline materials. Properties of the

beltline materials and other locations of interest are presented in Table 3-2
2.3 Specimen Chemical Composition

Samples were taken from the irradiated surveillance plate and weld tensile specimens after
they were tested. Chemical analyses were performed using a Spectraspan 11l plasma emission
spectrometer. Each sample was etched then dissolved in an acid solution to a specific
concentration for each gram of metal. The spectrometer was calibrated for determination of Mn,
Ni, Mo, and Cu by diluting National Institute of Standards and Technology (NIST) Spectrometric
Standard Solutions. The phosphorus calibration involved analysis of four reference matenals
from NIST with known phosphorus levels. Analysis accuracies are +0.005% (absolute) of
reported value for phosphorus and +5% (relative) of reported value for other elements. The
chemical composition results are given in Table 3.3 for irradiated surveillance plate and weld
materials The results show good agreement with corresponding unirradiated surveillance plate
data, but the corresponding unirradiated surveillance weld data have higher %Wt content for most

elements

SPECIMEN DESCRIPTION

The surveillance capsule holder contained 36 Charpy specimens: base metal (12), weld
metal (12), and HAZ (12). There were 6 tensile specimens: base metal (2), weld metal (2), and
HAZ (2). The holder contained 9 flux wires: 3 iron, 3 nickel and 3 copper. The chemistry and
fabrication history for the Charpy and tensile specimens are described in this section. All materials

used for surveillance were beltline matenals
Charpy Specimens

I'he fabrication of the Charpy specimens is described in the Babcock-Hitachi drawing [8)

on the surveillance test program
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I'he base metal specimens were cut from Heat SK3238/1. The test plates received a
similar heat treatment as the fabrication plates for Heat SK3238/1 per requirement of GE
document 21A8707 [16], including the post weld heat treatment. Specimens were machined from
the 1/4 T and 3/4 T positions in the plate, in the longitudinal onentation (long axis parallel to the
rolling direction) to the dimensions in GE drawing 158B7977. The base metal Charpy specimens
from the surveillance capsule were stamped on one end with the reactor number, 57, and on th

ther end with "P1", which designates base metal

The weld metal and HAZ Charpy specimens were fabricated from two pieces of the
surveillance test plate Heat SK3238/1 are welded together with a weld which was specified to be
\dentical to the beltline longitudinal seam welds. The general welding spec. used was RS G576
and the proc. qual test spec. no. was RS 9551 Actual welding records obtained from Babcock
Hitachi show the surveillance weld to be submerged arc welding Heat/Lot D53040/1125-02205
except at the root of the weld. However, weld metal specimens were fabricated away from the

ot of the weld This heat and lot number is the same as that of a beltline weld The welded test
plate for the weld and HAZ Charpy specimens received a similar post weld heat treatment as the
essel matenal, per GE doucment 21A8707 [16]. The base metal orientation in the weld and
HAZ specimens was longitudinal. The specimens were machined to the dimensions in GE

drawing 158B7 and stamped on one end with the reactor number and on the other with "P3

for weld metal or "P4" for HAZ
3 3.2 Tensile Specimens

Fabrication of the surveillance tensile specimens is also described in the Babcock-Hitach
surveillance specimen drawings [8], the specimens are machined to the dimensions in GE drawing
166B7062 The matenals, and thus the chemical compositions and heat treatments for the base
veld, and HAZ tensiles are the same as those for the corresponding Charpy specimens. The

identifications of the base, weld, and HAZ tensile specimens are: reactor number 57 on one end

ind P1. P2. or P3 on the other end

['he base metal specimens were machined from matenal at the 1/4 T and 3/4 T depth

[he

nens were oriented along the plate rolling direction. The gage section was tapered to a
minimum § 250 inch at the center The weld specimens were machined entirely from weld

tal, scrapping material that might include base metal The HAZ specimen blanks were cut fron

) 4 > o - e e > . sl @ . 1,
welded test plates such that the gage section minimum diameters were machined at the weld
ine. The finished HAZ specimens are approximately half weld metal and half base meta
[ | ! ng direcuon




Tabie 3-1
CHEMICAL COMPOSITION OF RPV BELTLINE MATERIALS
Composition by Weight Percent

_Identification _ Heat No. . Mn P S St Ni Mo Cu
Lower Plates 6(C45/1 018 1.49 0.008 G010 C3i 057 050 008
Shell Course No_ 5 6(35/1 020 1.46 6010 0011 027 054 0.51 009
SK3230/1 0.19 1 0010 0012 0.30 056 0.50 007
Lower-Intermediate 5K2963/1 022 143 0.009 0.008 029 058 059 0.07
Plates SK2530/1 020 1.43 0010 0.008 030 056 0.54 008
Shell Course No_ 4 SK3238/1 0.20 145 0012 0.008 031 063 056 009
Intermediate Plates  5K2698/1 021 141 ¢o10 0010 030 058 0.56 0.10
Shell Course No 3 SK2608/1 019 146 0.009 0014 030 058 0.53 009
SK3025/1 017 146 0012 0.009 030 071 052 0.15
Surveillance Plate SK32138/] 0.20 1.42 0012 6012 029 0.62 0.54 009
- Welds 510-01205 0072 1.2 0.0l 0011 042 0.54 045 0.09
519-01205 0.051 1.17 0.01 0.007 026 053 045 0.01
504-01205 006 13 0011 0.005 0.26 051 041 0.01
001-01205 0058 126 0012 0 006 025 051 0 40 002
DS53040 (Flux 1810-02205) 0088 1.69 0012 0.003 034 0 68 045 010
D53040 (Flux 1125-02205) 001 168 001 0004 03 0.63 043 008

D55733 (Flux 1810-02205) 0076 1.57 0013 0003 034 068 043 0.1
Surveillance Weld DS3040 (Flux 1125-02205) 0.1 1.69 0012 0.005 031 0.68 0.51 0.09

POTI-POIV-ELTS-AN-ID

L-0100-LE1 £dA



GE-NE-523-A164-1294

Table 3-2
MECHANICAL PROPERTIES OF BELTLINE
AND OTHER SELECTED RPV MATERIALS

‘ Heat
. Location Number
-

Lower Plates SK:230/1

(Shell Course No. 5) 6C35/1
6C45/1

Lower Intermediate Plates S5K2963/1

(Shell Course No_ 4) SK2530/1
5K3238/1

Intermediate Plates 5K3025/1

(Shell Course No. 3) SK2608/1
SK2698/1

LPCI Nozzle 19468/1
10024/1

Welds 001-01205
510-01205
D53040/1125-02205
519-01205
504-01205

D55733/1810-02205
D55040/1810-02205

Non-Beltline b:

Vessel Flange

Top Head Flange

Top Head Torus

Feedwater Nozzle

Shell Ring Connected to Vessel Flange
Bottom Head Dome

Bottom Head Torus

Closure Studs

& Test data information from UFSAR [5]
b Test data information from Tech. Spec [9)

DRF 137-0010-7

30

met 45 fi-Ib and
25 mils @10°F



CHEMICAL COMPOSITION OF IRRADIATED AND UN"RRADIATED

Identification
PLATE:
Tensile PIA (RTF)

Tensile P1B (550°F)
Average Tensile

Beltline Plate @ SK3238/1

Surveillance Plate b 5K3238/1
Average Plate Chemistry ©

WELD:

Tensile P2A (RT°F)

Tensile P2B (550°F)

Average Tensile

Beltline Weld 2
D53040, Flux '125-02205

Surveillance Weld b
D53040, Flux 1125-02205

Average Weld Chemistry ©

Table 3-3

SURVEILLANCE SPECIMENS

1.45
142

1.68

1.69

Composition by Weight Percent
o R Lr Ni

0.011
0.011

0.012
0.012

0016
0017

0.010

0.012

0.14
0.10

4 Beltline specimen data from Table 3-1 has been added for comparison

b Urirradiated surveillance material from Table 3-1

0.62
0.70
0.66
0.63
0.62

0.64

041
0.50
0.46

0.63

0.68

0.59

C Average chemistry = (Average Tensile + Beltline + Surveillance)/3

=30 =

GE-NE-523-A164-1294
DRF 137-0010-7

Mo

043

0.51

0.08
0.09
0.09
0.09
0.09

0.09

0.05
0.06
0.06

0.08

0.09

0.08
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1

Figure 3-1. Surveillance Capsule Holder Recovered From Hope Creek

(Holder marked as "131C7717G6)
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4. PEAK RPV FLUENCE EVALUATION

Flux wires removed from the 30° capsule were analyzed, as described in Section 4.1, to
det=rmine flux and fluence received by the surveillance capsule The lead factor, determined as
descnibed in Section 4 2, was used to establish the peak vessel fluence from the flux wire results.
Section 4 3 includes 32 EFPY peak fluence estimates at the surface of the vessel and at the 1/4 T
location

41 FLUX WIRE ANALYSIS

411 Procedure

The surveillance capsule contained 9 flux wires: 3 iron, 3 copper, and 3 nickel. Each
wire was removed from the capsule, cleaned with dilute acid, weighed, mounted on a counting
card, and analyzed for its radioactivity content by gamma spectrometry. Each iron wire was
analyzed for Mn-54 content, each nickel wire for Co-58 and each copper wire for Co-60 at a
calibrated 4-cm or 10-cm source-to-detector distance with 100-cc Ge(L1) and 170-cc Ge detector

systems

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 irradiation 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

From the flux wire activity measurements and power history, reaction rates for
Fe-54 (n,p) Mn-54, Cu-63 (n,a) Co-60 and Ni-58 {n,p) Co-58 were calculated. The E>1 MeV
fast flux reaction cross sections were determined from past testing at Browns Ferry 3 [10], also a
251 inch, 764 bundle plant, using multiple dosimeter and spectrum unfolding techniques. The
cross sections for the iron, copper, and nickel wires are 0.213 barn, 0.00374 barn and 0.274 barn,
espectively. These values are consistent with other measured cross section functions determined
at VNC from more than 65 spectral dterminations for BWRs and for the General Electric Test
Reactor using activation momtors and spectral unfolding techniques These data functions are
applied to BWR pressure vessel locations based on water gap (fuel to vessel wall) distances. The
cross sections for E>0 1 MeV flux were determined from the measured 1-t0-0.1 MeV cross

section ratio of 1 6

-13 -
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412 Results

The measured activity, reaction rate and full-power flux results for the 30° surveillance
capsule are given in Table 4-2. The E>1 MeV flux values were calculated by dividing the wire
reaction rate measurements by the corresponding cross sections, factoring in the local power
history for each fuel cycle. The fluence result, 1.42x1017 n/em? (E>1 MeV) was obtained by
multiplying the full-power flux value for the average of iron and copper by the operating time and
full power fraction, shown in Table 4-1

The accuracies of the values in Tables 4-2 for a 2o deviation are estimated to be:

5% for dps/g (disintegrations per second per gram)
10% for dps/nucleus (saturated)

20% for flux and fluence E>1 MeV
20% for flux and fluence E>0.1 MeV
42 DETERMINATION OF LEAD FACTOR

The flux wires detect flux at a single location. The wires will therefore reflect the power
fluctuations associated with the operation of the plant. However, the flux wires are not
necessanly at the location of peak vessel flux. A lead factor is required to relate the flux at the
wires' location to the peak flux. The lead factor is the ratio of the flux at the surveillance capsule
to the flux at the peak inside surface location. The lead factor is a function of the core and vessel
geometry and of the distribution of bundles in the core. The lead factor was generated for the
vessel geometry, using a typical fuel cycle to determine power shape and void distribution. The
methods used to calculate the lead factor are discussed below

421 Procedure

Determination of the lead factor for the RPV inside wall was made using a combination
of two separate two-dimensional finite difference computer analyses. The first of these
established the relative azimuthal variation of fluence at the vessel surface and 1/4 T depth. The
second analysis determined the relative variation of flux with elevation. The azimuthal and axial
distribution results were combined to provide the ratio of flux, or the lead factor, between the
surveillance capsule location and the peak flux locations

-14 -
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'he DORT computer program, which utilizes the discrete ordinates method to solve the
Boltzmann transport equation in two dimensions, was used to calculate the spatial flux
distribution produced by a fixea source of neutrons in the core region. The azimuthal distribution
was obtained with a model specified in (R,8) geometry, assuming eighth-core symmetry with
reflective boundary conditions at 0° and 45°. Calculations were performed using neutron cross
sections from a 26 energy group set, with angular dependence of the scattering cross-sections

approximated by a third-order Legendre polynomial expansion

\ A schematic of the (R,0) vessel model is shown in Figure 4-1. A total of 131 radial
intervals and 90 azimuthal intervals were used. The model consists of an inner and outer core
region, the shroud, water regions inside and outside the shroud, and the vessel wall. The core

f region matenal compositions and neutron source densities were representative of conditions at an
elevation 75 inches above the bottom of active fuel, which is near the elevation of the wires. Flux
as a function of azzmuth and radius was calculated, establishing the azimuth of the peak flux and

l its magnitude relative to the flux at the wires' location of 30

['he calculation of the axial flux distributior was performed in (R,Z) geow. " | using 4
simplified cylindncal representation of the core configuration and rew..l.stic simulations of i ax.al
variations of power density and coolant mass density. The core description was based on
conditions near the azimuth angle of 25° where the edge of the core is closest to the vessel wall
I'he elevation of the peak flux was determined, as well as its magnitude relative to the flux at the

g | P > »4 o}
surveillance capsule elevation

&

I'he two-dimensional computations indicate the flux to be a maximum 25.25° past the

RPV quadrant references \ etc. ), at an elevation about 82 inches above the bottom of
active fuel The peak closest to the 30° location of the surveillance capsule removed is at 25.25
as shown in Figure 4-2. The relative flux distribution versus elevation is shown in Figure 4-3

'he distnibution calculations establish the lead factor between the surveillance capsule location
and the peak location at the inner vessel wall. The calculated flux at the capsule (R,0) position
along the midplane was modified by an appropriate ratio derived from the (R.Z) model to account
for the actual capsule elevation position. The resulting computed surveillance capsule flux is
4x10® n/em’-s. The peak flux at vessel surface from the transport calculation, incorporating

) differences between (R.6) and (R.Z) models, is 9.3x10% n/ecm*-s. Therefore




>

I'he transport calculation of surveillance capsule flux, 9 4x10® n/cm?-s, is about 25%
higher than the measured (flux wire analysis) surveillance capsule result of 7 5x10® n/em?-s. This
may be due to the conservative methods of the transport computation and to uncertainties in

physical dimensions, such as using nomunal rather than actual vessel radius. The uncertainty
associated with vessel radius has little, if any, effect on the lead factor, since for the lead factor the
1ons with the same radius are being ratioed. The lead factor computed

here was based on fuel cycles 1 through 5 whereas that determined in [11] was based on fuel

1

'he 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
Reo ( 'j | QO T1rement 2 chown in }\r w1 ocrti1on
neg LUulde | requirements, as shown in the next section

43 ESTIMATE OF 32 EFPY FLUENCIE

I'he inside surface fluence (fg,f) at 32 EFPY is determined from the flux wire fluence

for 6 01 EFPY of 1 42x10' 7 n/cm?, using the lead factor of 1.01. The time period 32 EFPY is

based on 40-year operation at an 80% capacity factor. The resulting 32 EFPY fluence value at

g -
1 BE Tt 1
1 . X 10F (34/¢ Ly iV
‘ - "I r
§ X It nem

['his fluence represents the peak value, which occurs in the lower-intermediate shell (No.4) and

will be conservatively applied to lower shell (No 5) The peak surface fluence is about 14%

greater than the nomunal value (6 6 x10* 7 n/cm?) calculated from the first cycle dosimetry [11]

wever, within the 20% accuracy expected as reported in Section 4.1.2. The bottom of the
’ N 3 1 2 M snrh . e N v I > o £} SN 2 .
ntermediate shell (No 3) 1s 143 .2 inches from the bottom of active fuel The fluence at this
elevation can be conservatively calculated using information 3 as
f x 101 7% ) = 4 94 x1 n/cm for the intermediate shell

| + ¢ i ” * | » . t " ! | 1 o
1 NE ence he LPCI no I 1»'~1.'.'.&'TT'L’\:.:L\AL£‘, { I ‘5?.1:\dx.k, tional relative decrease

fluence due the a thal vanation shown in Figure 4-2 Since a LPCI nozzle is at a relative
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angular position of 35°, the fluence at the LPCI nozzle is calculated as follows:

fourf = 7.5x1017%(0.66)*(0.82) = 4.05x1017 n/cm’ for the LPCI nozzle
The 1/4 T fluence (f) is calculated as follows, according to the Reg. Guide 1.99 [7]):

f = fgurpe(e0-24%) (4-1),

where x = distance, in inches, to the 1/4 T depth. The vessel beltline lower-intermediate shell and
intermediate shell are 6.10 inches thick. The corresponding depth x is 1.53 inches. Equation 4-1

yields
f = fgurf (0.69) = 5.2x10] 7 n/em’ for the lower-intermediate shell
f = fgurf (0 69) = 3 .42x1017 /em? for the intermediate shell
f = fgurf (0.69) = 2 81x1017 n/em® for the LPCI nozzle

The impact of these revised fluences on the P-T curves is discussed in Section 7
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Table 4-1

SUMMARY OF CONDENSED POWER HISTORY

Operating Full Power
Cycle Cycle Dates Days Fraction
] 10/12/86 - 02/13/88 453 0.825
2 04/16/88 - 09/15/89 518 0.892
3 11/20/89 - 12/16/90 392 0.930
B 02/22/91 - 09/12/92 564 0.943
5 11/12/92 - 03/05/94 473 0.977
2400 (total) 0.914 (average)

- 18 -



Table 4-2

SURVEILLANCE CAPSULE FLUX AND FLUENCE
FOR IRRADIATION FROM START-UP TO 3/5/94

Full Power Flux @ Full Power Flux b Fluence Fluence b
dps/g Element Reaction Rate (n‘cm<-s) (n/cm#<-s) {n/cm+<) {n/em<)

Wire (Element) (at end of Irradiation) [dps/nucleus (saturated)] >] MeV 0.1 MeV ] MeV 0.1 MeV
Copper G9 9472 E3 2 801 E-18 7489 E8 11982 ES8 142 E17 227E17
Copper Gl 9 306 E3 2.752 E-18 7358 E8 11.773 ES8 139E17 222 El7
Copper G12 9152 E3 2.706 E-18 7.235 E8 11.576 E8 137E17 219E17
fron G9 8 920 E4 1.565 E-16 7.488 E8 11981 ES 142 El7 227E17
Iron Gi1 9079 F4 1624 E-16 7.624 ER 12.198 ER 145 El17 232E17
iron G12 9017 E4 1613 E-16 7.573 ES8 12.117 E8 144 E17 230E17
Nickel G9 1306 E6 1.942 E-16 7088 ES i1 341 E8 134 E17 2.14E17
Nickel G11 1342 E6 1.996 E-16 7.285 E8 11.656 E8 138El17 221 El17
Nickel G12 1306 E6 1.942 E-16 7.088 ES8 11341 E8 134 ElL7 214 El17
Average © - 142E17 227E17

006 E17 +0 10E17

Q

Z,

Lk . .,

& Full power flux, based on thermal power of 3293 MW, > n
0 1.6 times the E >1 MeV results @

Q100

¢ Nickel is not included in final average e
Yo

>} N

]
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§. CHARPY V-NOTCH IMPACT TESTING

i1.° Cha Py specimens recovered from the surveillance capsuie were impact tested at

. |

I temperatures selected to establish the toughness transition and upper shelf of the irradiated RPV
matenals. In addition, longitudinal unirradiated base, weld, and longitudinal HAZ metal
pecimens recovered from the Hope Creek site were tested for baseline data Testing was
nducted in accordance with ASTM E23-88 [12]

\ 51 IMPACT TEST PROCEDURTE

I'he Vallecitos testing machine used for unirradiated and irradiated specimens was a
Riehle Model P1-2 impact machine, seral number R-89916. The maximum energy capacity of th

1achine 1s 240 f1-Ib, and the test velocity at impactis 15 44 ft/sec

I'he test apparatus and operator were qualified using NIST standard reference material

consist of sets of high and low energy specimens, each designed to fail

specified energy at the standard test temperature of -40°F. According to ASTM E23-88 [12]

he test apparatus averaged results must reproduce the NIST standard values within an accuracy

f +5% or 4 ft-1b, whichever is greater. The qualification of the Riehle machine and operator

ummarized in Table 5-1
{ harp \ Notet PLIs Were nducted at smneratures hetween - 100 } and 300 } ™
narpyv s NOICH 1€81S were condaucted at [Ll.n‘k.dwu(i:;-'\L'.l i allg >\ 1 NE
ing fluid used tor both 1rradiated and unirradiated 5‘;\(":”:1(:.'15 tested at IC”‘;‘(‘“}:L){U‘} t‘{'!\“-\
F was ethyl alcohol Al t¢ ".;"\7.1'\‘.}&':‘ t etween I anag 20U F, w ater was used as lht

2 1 " : } < O ¢ Vhino
emperature conditioning fluidd. The specimens were heated in silicon o1l above 200°F. Cooling

fluids was done by heat exchange with liquid nitrogen, heating was done by an

mmersion heater The liquid bath was mechanically stirred to maintain uniform temperatures

['he bath temperature was measured with a calibrated thermocouple. After equilibrium at the test

lly transferred with centering tongs

emperature 1or at ieast > minutes, the specimens were manu

* { | ry 4 y r ar . Y 3 » 1 1n ‘; - n "\ » \ . |
the Charpy test machine and impacted in less than > 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, for the irradiated specimens
photographs were taken of fracture surfaces. Lateral expansion was measured according to
specified methods [12] Percent shear was determined using method number 1 of Subsection
11243 of ASTM E23-88 [12], which involved measuring the length and width of the cleavage

surface in inches and determining the percent shear value from Table 2 of ASTM E23-88 [12]

IMPACT TesT RESULTS

Thirty-five ururradiated Charpy V-Notch specimens of 12 base, 11 weld, and 12 HAZ
matenals were tested at temperatures (-100°F to 300°F) selected to define the toughness
transition and upper shelf portion of the fracture toughness curves. The absorbed energy, lateral

-~

expansion, and percent shear data are listed in Table 5-2 Plots of absorbed energy data for

unirradiated base, weld, and HAZ metals are presented in Figures 5-1, 5-6, and 3-11, respectively

Lateral expansion plots for base and weld metals are presented in Figures 5-4 and 5-9,
respectuvely

I'welve Charpy V-Notch specimens each of irradiated base, weld, and HAZ material

were tested at temperatures (-100°F to 300°F) selected to define the toughness transition and

upper shelf portions of the fracture toughness curves. One HAZ specimen (specimen 619)

-~

partially broke by ductile teaning at 233 ft-Ib (see Appendix A). Tie absorbed energy, lateral
expansion, and percent snear data are listed for each matenal in Table £ 2. Piots of absorbed
2’ e

5

energy data for irradiated base, weld and HAZ matenials are presented in Figures 5-2, 5-7, and
12, respectively Lateral expansion plots for base and weld materials are presented in Figures
5 and 5-10, respectively The irradiated impact energy curves are plotted along with their
orresponding ururradiated curve in Figures 5-3 and 5-8 for base and weld specimens,
‘

respectively. The fracture surface photographs and a summary of the test results for each

. B
>y
N

idix A

~
ph
-
p- -

I'he plate and weld data sets are fit with the hyperbolic tangent function developed by

Oldfield for the EPRI Irradiated Steel Handbook [13]

vhere¢ ! impact energy or lateral expansion, T = test temperature, and A, B, T and C are
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The TANH function is one of the few continuous functions with a shape charactenstic of
low alloy steel fracture toughness transition curves. The curve fits were generated by fixing the

" .
iower shelf to .

shelf free

2 ft-lb for Clarpy energy and 1.0 mil for lateral expansion and setting the upper

IRRADIATED VERSUS UNIRRADIATED CHARPY V-NOTCH PROPERTIES

['he irradiated and unirradiated Charpy V-Notch data curves were used to estimate the
values given in Table 5-4. 30 ft-1b, 50 fi-Ib and 35 MLE index temperatures Transition
temperature shift values are determined as the change in the temperature at which 30 ft-lb impact
energy is achieved, as required in ASTM E185-82 [6] The resulting shifts in Charpy curves are
discussed in the next section The USE values are determined by averaging the Charpy data at

100% shear
COMPARISON TO PREDICTED IRRADIATION EFFECTS
| Irradiation Shift

['he measured transition temperature shifts for the plate and weld matenials were
compared to the predictions calculated according to Regulatory Guide 1 99, Revision 2 [7]. The

inputs and calculated values for irradiated shift are as follows

Plate Copper 0 09%
Nickel 0.64%
Cl 58
fluence 1.42x1017 pyem?
Guide 1.99 ARTNDT = 87
Guide 1 99 ARTNDT * 20A(34°F) = -26°F mun, 42°F max

Measured 30 fi-1b shift = 4 °F

0 08%
0.59%
105
1.42x101"

Reg Guide 1 99 ARTND1T |

Reg Guide 199 ARTNDT * 20A(56°F) = -41°F min, 71°F max

Measured 30 fi-Ib shift = 61°}
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The weigh* p. reents of Cu and Ni are the average of the plate and weld results in
Table 3-3. CF sl . ¢bove is the chemistry factors from Tables 1 or 2 of Reg. Guide 1. ~ (7]
The fluence factor from Figure 1 of [7] is 0.14. The measured shifts of 4°F for the plate a:.d 61°F
for the weld are below and above the predicted shifts of 8°F and 15°F, respectively and are within
the bounds of the Reg. Guide 1.99 prediction including uncertainty of 2o

542 Change in USE

Figure 2 of Reg. Guide 199 was used with copper and fluence data above to pred:ct
decrease in USE of 7% for the plate and decrease in USE of approximately 8% for the weld. The
measured decrease in USE is 19 ft-Ib (14% decrease) for the plate, this value is greater than the
Reg Guide 1 99 prediction. The weld material shows a measured decrease in USE of 8 ft-1b (5%
decrease) which is less than the Reg. Guide 1.99 prediction.

-
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Table 5-1

VALLECITOS QUALIFICATION TEST RESULTS USING
NIST STANDARD REFERENCE SPECIMENS

Test Energy Acceptable
Specimen Bath Temperature Absorbed Range
Vallecitos HH-40 229  Ethyl Alcohol -40 75.0
Richle Machine HH-40 384 Ethyl Alicohol -40 745
(tested 6/28/94) HH-40 980  Ethyl Alcohel -40 70.5
HH-40 1152  Ethyl Alcohol -40 725
HH-40 1172  Ethyl Alcohol -40 75.0
Average 73.5 749 + 3.7 pass
LL-39 080 Ethyl Alcohol -40 13.5
LL-39 095 Ethyl Alcohol -40 13.0
LL-39 631 Ethyl Alcohol -40 13.5
LL-39 775 Ethyl Alcohol -40 13.5
LL-39 930 Ethyl Alcohol -40 13.0
Average 133 13.2 + 1.0 pass

v 27 -



UNIRRADIATED CHARPY

Table 5-2

GE-NE-523-A164-1294
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V-NOTCH IMPACT TEST RESULTS

R Test | Fracture | Lateral | Percent Shear
| i |
Specimen [emperature | Energy | Expansion | (Method 1)
Specimen Type | Identification (°F) | (fi-1b) [ (mils) | (%)
/| | B |
- . . - N— I A - M.
Base | 4 | -80 | 10 j 15 110
' e ,'\‘ npe— T"\. : e >*>1 = =
Heat SK3238/] 3 |40 125 115 1% _
Longitudinal | 12 | «10 | $2.5 | 41 29
- e e YR 13 . o
2 0 | 34 5 | 36 5 | 24
4 4—— L e —t——
| 11 20 62.5 i4v 43
M T4 30 35 38
4 + - $ ! Bl $-om
0 50 | 74 & [ § ¥
+ + + + -4 —- -
| '. U Q0 5 | f'& (,—“
- e 5 —t=5 ST
| S R0 11135 l?«‘-« | 87 |
i - BAED s e = I
| 6 i 120 | 139§ | 94 | 100
15 T334 “T930¢ 1065 ¢ e
| | 200 ; 139 § 4‘»)‘_ | 100
1 b - — e — i
| 8 30 | 141 | 92 * 100
| | ] + e ,
Weld 13 17-80 | 14 115
-y At - R . W Y e -
Heats DS5304( [ Y | -60 a7 T 26.5 | <
¢ . 1 : gy~ " -t ]
Flux 1125 | 3 | -40 | 365 ‘13.' | 21
+ -~
1 10 T «:('I T TR S5 \ 60 | 45
[2 [0 | 8 163 R
- i 13 135 :
| 11 10 | 58 49 | 37
+ e S - R
; [~ 40 1102 170 | 74
- 1 , ™58 155 e u
. 80 + 118 | 77 | 80
- - -+ - —— ——— + o — - w—— ——— 4
| 6 4 ]:H | l(‘ | ?\'V 1 !('U
+ — el S Wi ———
1 200 151§ | Q6 § l 100
] L&\ rd. e L .
R i 300 | 187 | R4 | 100
! T T 1
| |
t = W T T3 e +— 1
HAZ |9 | <100 ( 165 1115 (11
‘  —T = —
Longitudinal | 4 | -80 106.5 { 71.5 “:3
3 | -40 135 | 145 { 13
+ S - 4 e
| ] | -10 1365 | 81 | 74
T = ! T3 e - T o -&v T -
| & ! U | 137.5 | 88 | .
12 20 [ 160 [8] [ 100
4 - o -
| .40 { 08 5 i 64 | 82
5 l 75.‘« l 71}‘1:7; 5 '%8" | mQ |
( 7120 1 104 73 100
+ Y Yy + _-’( - 4‘ }\ 4 1—(- (,...
| 200 | 205 05 )
+— + ;: 4— S e 1
10 | 20 | 169 | 8S { 100
! S fsss 55 37
x | siN) | l__s | l N l l‘N}
i rary ! specime | “




Table 5-3
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IRRADIATED CHARPY V-NOTCH IMPACT TEST RESULTS

1 | Test Fracture | Lateral Percent Shear
| Specimen | Temperature | Energy | Expansion | (Method 1)
Identification | (°F) (fi-1b) (mils) (%)
!
Base 614 -80 7 65 3
Heat 5K3238/1, 1604 50 8.5 10 3
[ Longitudinal, | 603 -40 325 12990 | 15
T=1.43x10" wem? [ 606 30 7 83 E
1612 0 42 37 16
1607 140 53 50.5 52
— :
610 I 60 Q7 77 60
’ eIl 70 17108 845 79 K

| 609

1 80

1118

78

—]e08 1120 113.5 180 100
613 1200 11155 |8l 100
605 300 133 92 100

594 |80 | 3 K 2
1597 |40 [ 228 20 17 s

) fiﬁ R I e 3] 27 26

[392 10 195 |22 34
[396 1730 593 1483 A

'599 40 88 S 72 50

1601 50 61 44 58

1‘5«}3 I 1125 |69 77

508 120 1475 |92 100

1501 1150 1545 190 100

1602 200 | 1445 91 100

600 300 [1785 |88 100
HAZ 616 |00 | 70 |48 SRR
Longitudinal _ [624 | -80 | 85 - AR 44 -
f=142x10" n‘em* | 626 j 40 95 (10 1 26 il

| 623 10 59 | 41 43

; 1622 0 11285 79 79
1621 — |40 T4l 34 31 *
1618 1770 1183 84 1100 |

1617 | 80 [11258 75 92

| 620 | 120 | 805 59 100
615 1150|1725 |78 1100 |
16285 | 200 | 85 68 1100 |

4 e e e —— -

619 300 5233 6] 100
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Table 5-4

SIGNIFICANT RESULTS OF IRRADIATED AND
UNIRRADIATED CHARPY V-NOTCH DATA

Index Index

Temperature Temperature Index Upper Shelf 2
(°F) (°F) Temperature  Energy
E=30fi-lb  E=50fi-lb  MLE=35mil  (R-lb)

_Material

PLATE: Heat SK3238/1, Longitudinal
Unirradiated -9 ). 3 0. 140 / 91

Irradiated (=1 42x10 n/cm?®) -5.3 17.78 ] 121/79

Difference , -1.56 S 19/12 (14%)

Reg Guide 1.99, Rev 2 ARtndt b 8 199 Rev2 % Decrease in USE © (7%)

Reg. Guide 199, Rev 2 (A+20) b .26 to 42

WELD: Heat/Lot D53040/1125-02208
Unirradiated -69 .62 -29.70 -44 44 164
Irradiated (f=1.42x10 n/cm?) -8.73

5.00 156

Difference 60 .89 48 27 49 44 8 (5%)

Reg Guide 199, Rev 2 ARtndt b 15 199, Rev2 % Decreasein USE ¢ (8.5%)

Reg Guide 199, Rev 2 (A+20)0  -41to 71

& USE values for base are Longitudinal/Transverse orientation, for weld metal are equal

Values determined by averaging the 100% shear Charpy data

[ransverse plate USE is taken as 65% of the Longitudinal USE, per USNRC MTEB 5-2 [17]

h g . ¢
Determined in Section 5 4.1

See Section 5.4 2
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Figure 5-8. Hope Creek | Unirradiated and Irradiated Weld Metal Impact Energy $% USE Decrease

61°F RTndt Shift at 30 fi-1b
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6. TENSILE TESTING

Six round bar tensile specimens were recovered from the surveillance capsule and sent to
VNC Unmnaxial tensile tests were conducted in air at room temperature (70°F), and RPV
operating temperature (550°F) Six unurradiated specimens, sent from the Hope Creek 1 site to
GE-NE San Jose, were tested at the same temperatures. The tests were conducted in accordance
with ASTM EB-89 [14]
61 PROCEDURE
\ll irradiated tests were conducted using a screw-driven Instron test frame equipped
p load cell and special pull bars and gnps. Heating was done with a Satec resistance
clamshell furnace centered arcund the specimen load train. The test temperature was monitored
nd controlied by a chromel-alumel thermocouple spot-welded to an Inconel clip that was
fnction-chpped 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

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 mudline of the specimen  When the target temperatures of the

three thermocouples were within +5°F of each other, the temperature of the clip-on thermocouple

was noted and subsequently used as the target temperature for the irradiated specimens. The tests

were conducted at a calibrated crosshead speed of 0. 005 in/min until well past yield, at which time
the speed was increased to 0 05 inch/mun until fracture. Crosshead displacement was used to
n U pecimen exte n dunng the test

All unurradiated tests were conducted using an MTS servohydraulic testing machine

equipped with a 10U-K1p load cel and puliing bars consistent with the ¢ .='.f“~:_',."(:1::»’11 of the test
specimens. Heating was done with a Marshal! resistance clamshell furnace centered around the
specimen load train. The test temperature was monitored and controlled by a chromel-alumel
thermocouple attached to the test specimen. Contact extensometry was used to record the load-
strain relationship for each test specimen. A strain rate of 0.005 in/in/min was used through the
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} A -y mator ¢ ) VK { at the 2t o
I'he test specimens were machined with a minimum diameter of 0.250 inch at the center

f the gage length The yield strength (YS) and ultimate tensile strength (UTS) were calculated
g by dividing the nominal area ( 191 in<) into the 0.2% offset load and into the maximum test

sted for the uniform and total elongations were obtained from

1 extension and are based on a 1.5 inch gage length

ermined from post-test measurements of the necked

specimen diameters using a calibrated blade micrometer and employing the following formula

After testing, each broken specimen was photographed end-on, showing the fracture surface, and
engthwise, showing the fracture location and local necking behavior
l , RESULTS
T 1 '\ T v . r > L | 14 1 trer } (Y ) 1 4 1 8 réen
; Irradiated tensile test properties of Yield Strength (YS), Ultumate Tensile Strengtt
) 4 B 4 A v . 1 Toratimn ] and © | — ~ i . .
(UTS). R tior \rea (RA), Uniform Elongation (UE), and Total Elongation (TE) are
' : 4 =
presented in Table 6-1, all but UE are presented in Table 6-2 for unirradiated specimens. A
stress-strain curve for a 550°F base metal irradiated specimen is shown in Figure 6-1. This curve
. tr trar ) t pr et all the te v enec a1z » :
s typical of the stress-strain charactenstics of all the tested specimens. The surveillance matenals
generally follow the trend of decreasing properties with increasing temperature. Photographs of
the fracture surfaces and necking behavior are given in Figures 6-2 through 6-4
D ) A A \ 1 1 Y D A 3 1 » 1
[RRADIATED VERSUS UNIRRADIATED TENSILE PROPERTIES
] | - 4 | 4 . . PR N nerat) > at
! rradhated and wrradiated plate, weld, and HAZ data at room temperature and a
| ne the irradiation effect. In most cases, the trends of increasing
Y S UTS ar g TE and RA, charactenistic of irradiation embrittiement, are seen ir
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Table 6-1: TENSILE TEST RESULTS FOR IRRADIATED RPV MATERIALS

Test Yield2 Ultimate Uniform  Total Reduction

Specimen  Temp Strength  Strength  Elongation Elongation of Area
Number (%K) Aksi) ksi) (%) (%) (%)

Base P1A 70 702 919 98 17.0 68 .4

PIB 550 673 851 85 142 549

Weld P2A 70 82.2 96.0 103 210 73.1

P2B 550 709 863 85 16 4 68.6

HAZ P3A 70 69.7 916 72 15.1 69.2

P3B 550 66 8 869 6.7 140 67.2

2 Yield strength is determined by 0.2% offset

Table 6-2: TENSILE TEST RESULTS FOR UNIRRADIATED RPV MATERIALS<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>