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1. INTRODUCTION

This report describes the results of the examination of the first capsule from
the Virginia Electric Power Company's North Anna Unit No. | reactor vessel sur-
veillance program. Capsule "V" is a part of the continuing surveillance pro-

gram which monitors the effects of neutron irradiation on the reactor pressure

vessel materials under actual operating conditions.

The specific objectives of the program are to monitor the effects of neutron
irradiation on the tensile and impact properties of the reactor pressure ves-
sel materials under actual operating conditions and to verify the fluence cal-
culations to which the materials are exposed. The surveillance program for
the North Anna Unit No. | reactor pressure vessel materials was designed and
recommended by Westinghouse Electric Company. The surveillance program and
the pre-irradiation mechanical properties of the reactor vessel materials are
described in WCAP-8771.' The surveillance program was planned to cover the
40-year design life of the reactor pressure vessel and is based on ASTM E-185-

73, Annex Al, "Standard Recommended Practice for Surveillance Tests for Nu-

clear Reactor Vessels."

This report summarizes the testing and the post-irradiation data obtained from
the testing and analysis of the tensile and Charpy specimens as wcll as the
evaluation of the thermal monitors. 1In addition, the dosimeters were measured
and the fluence values for both the capsule materials and the reactor vessel
were calculated, The wedge-opening-loading (WOL) specimens were not tested at

this time and were placed in storage to be tested later if the need for the

data develops.
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been exposed to a maximum temperature in the range of 579F or less during the
reactor vessel operating period. There appeared to be no significant signs of
a temperature gradient along the capsule length.

2.3. Tension Testing

All tension tests were conducted in accordance with Technical Procedure LRC-TP-
78 (see Appendix E); four specimens were tested. One weld metal and one axial
base metal specimen were tested at 550F. The other weld metal and axial base
metal specimens were tested at room temperature. A constant displacement rate
of 0.005 in./min was imposed on each specimen until fracture. Percent total
elongation, percent reduction in cross-sectional area, 0.2% offset yield
strength, and ultimate tensile strength were determined in accordance with ASTM
E8-69 and A370-73. These data are presented in Table 2-1.

2.4, CVN Impact Testing

All impact tests were conducted in accordance with Technical Procedure LRC-TP-
80 (see Appendix F). The four groups of specimens (axially oriented base metal,
transversely oriented base metal, weld metal, and heat-affected zone metal)

were tested at temperatures between -40 and 280F. Absorbed energy, test tem-
perature, percent shear fracture, and lateral expansion were determined in
accordance with ASTM Specifications E23-73 and A370-73. Plots of test tem—
perature versus absorbed energy, percent shear, and lateral expansion were
prepared for each specimen. These data are presented in Table 2-2 and Fig-

ures 2-1 through 2-4,
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Table 2-1. Tensile Properties of North Anna Unit 1, Capsule V,
Base and Weld Metals Irradiated to 2.49 x 10" nvt

Test Strength, ksi Elongation, %
Specimen temp., Yield, Ult.s Uniform Total Red'n of
ID No. F YS UTS UE TE area, %

Base Metal — Transverse

VT-3 76 80.4 99.3 12.0 20.9 54.9
VT-4 548 64,7 95.7 10.0 18.4 47.0
Weld Metal

VwW-4 78 70.8 84.5 13.0 19.3 65.0
V=3 548 63.6 84.5 i 19.0 56.5

Table 2-2. Charpy Impact Data for North Anna Unit 1, Capsule V,
Base Metal Irradiated to 2.49 x 10'" nvt

Test Shear
Specimen temp., Abs. energy, Lat. exp., fracture,
ID No. F ft-1b 1077 in. %

Base Metal — Axial

VT-19 0 12.5 7.0 0
VT-14 40 15.5 1.5 0
VT-16 60 29.0 23.5 14
VT-13 73 39.0 29,0 0
VT-22 100 40.0 32.0 34
VT-15 120 41.0 35.0 42
VT-24 130 51.0 42,0 38
VT-18 140 59.0 48.0 98
VT-23 160 60.0 50.0 98
VT-21 195 79.0 66.0 100
VT-20 240 68.5 60,0 100
VT-17 280 77.0 68.0 100
Base Metal — Tangential

VL-15 0 7.0 4.0 0
VL-13 40 36.0 26,5 0
VL-9 60 51,0 40.0 5
VL-16 73 32.0 23,0 25
VL-12 100 50.0 39.0 43
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Table 2-2, (Cont'd)

Test Shear
Specimen temp., Abs. energy, Lat. exp., fracture,
ID No. F ft-1b 10~? in. %
VL-10 120 76.5 2.5 56
VL-11 196 113.0 78.0 89
VL-14 280 122.0 86.0 100

Base Metal — Heat-Affected Zone

VH-18 =40 66.0 48.0 3
VH-13 Y 19.5 8.0 10
VH-16 40 22.5 15.0 60
VH-19 50 16.5 15.0 40
VH~-20 60 49.5 30.5 89
VH-23 73 89.0 66.0 62
VH-21 100 81.0 55.0 71
VH-15 120 67.5 42.0 55
VH-24 160 93.0 67.0 99
VH-22 198 105.0 71.0 100
VH-14 240 113.0 70.0 100
VH-17 280 102.0 74,0 100

Table 2-3, Charpy Impact Data for North Anna Unit 1, Capsule V,
Weld Metal Irradiated to 2.49 x 10'° nvt

Test Shear
Specimen temp., Abs. energy, Lat. exp., fracture,
ID No. F ft-1b 10~% in. %
VW=-20 =40 4.5 4.5 0
VW-22 0 25.0 23.5 50
VW-24 40 26.0 29.0 46
V=17 60 33.0 1.5 28
VW=-16 73 39.0 31.0 34
Vw-23 90 47.0 49.0 89
Vw-21 100 60.0 56.0 25
VW-14 120 73.0 62.0 72
VW-15 160 62.5 52.5 96
Vw-18 198 92.5 73.0 100
W-13 240 100.0 80.0 100
VW-19 280 87.0 77.0 100
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Figure 2-1. Charpy Impact Data From Irradiated Base
Metal, Axial Orientation
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Figure 2-2, Charpy Impact Data From Irradiated Base
Metal, Tangential Orientation

Latenac Notew Expansion, 1.

| = DATA SUMMARY ——

1.)‘- Tor —eA. -
| Tey 5 me) $80F

[ T, (50 sr-p) _*+80OF
a ——————
ud,- Tey (30 pro) _*33F 7
i C,USE (ave) 122 fe-1b
Oge 08 —

%

o

Maremia _SAS08, C12 |

Onientarion Tangential =7
Fruence 2-.49EL18 avt ~

Hear Mo, 990400/292332

| | T 1
200 W 280 20 %0 a0

(¢ 3

i
|
|
|
I
|
|
|
|
|
|
|
|
|
|
|
|
|
I
I
I
1

&
&

2-6 Babcock & Wilcox



Figure 2-3. Charpy Impact Data From Irradiated
Weld Metal
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Figure 2-4. Charpy Impact Data From Irradiated Base
Metal, Heat-Affected-Zone
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3. DISCUSSION OF CAPSULE RESULTS

3.1. Tensile Properties

Table 3-1 compares irradiated and unirradiated tensile properties. At both
ambient and elevated temperatures, the ultimate and yield strength changes in
the base metal as a result of irradiation and the corresponding changes in duc-
tility are within the range expected. There is some strengthening, as indi-
cated by increases in ultimate and yield strength and smalil decreases in duc-
tility properties. Some of the changes observed in the weld metal are so small
as to be considered within experimental error. The changes in the properties
of the base metal at both room temperature and 550F are greater than those ob-
-served for the weld metal, indicating a greater sensitivity of the base metal
to irradiation damage. These observations are further supported by the fact
that the base metal chemistry contains more of those elements that influence
radiation sensitivity than are contained in the weld metal. It should be
noted that the relative irradiation sensitivity of the two materials was

found to be reversed from that normally observed in these data. However, the
number of tensile specimens is appropriately limited, which could affect the

statistical significance of the data and thus not reflect the long-term be-

havior of the materials.

In either case, the changes in tensile properties are not significant relative
to the analysis of the reactor vessel materials at this period in service life

since the Charpy data govern the adjustment to pressure-temperature heatup and

cooldown curves.

2,2, Charpy Impact Properties

The behavior of the Charpy V-notch impact data is more significant to the cal-
culation of the reactor system's operating limitations. Table 3-2 compares the
observed changes in irradiated Charpy impact properties with the predicted
changes as shown in Figures 3-1 through 3-4.

3-1 Babcock & Wilcox



The 50-ft-1b transition temperature shift for the base metal was slightly less
than the shift that would be predicted according to Regulatory Guide 1.99.
This means that the Regulatory Guide is a conservative predictor for the base
metal. However, the weld metal shift was greater than the shift that would
be predicted using Regulatory Guide 1.99. Similar differences were observed
for the 30-ft-1b transition temperature shift except that the magnitude of
difference between the observed and predicted increased relative to the dif-

ferences at the 50-ft-1b level.

The less-than-ideal comparison may be attributed to the spread in the data of
the unirradiated material combined with the fact that there was a minimum of
data points to establish the irradiated curve. These two variables can con-
tribute to increasing the error between the observed and predicted values.
Under these conditions, the comparison indicates that the estimating curves

in RC 1.99 for medium-copper materials at medium fluence levels are conserva-
tive for predicting the 50-ft-1b transition temperature shifts. The estimat-
ing curves foir high-copper material at medium fluence levels are not in good
agreement with the observed data and do not conservatively predict the expected

shift values.

The increase in the 35-mil lateral expansion tramnsition temperature is com-
pared with the shift in RTNDT curve data in a manner similar to the comparison
made for the 50-ft-1b transition temperature shift. These data show behavior
similar to that seen in the comparison of the observed and predicted 50-ft-1b

transition data.

The data for the decrease in Charpy USE with irradiation showed good agreement
with predicted values for the base metal. However, the weld metal data com-
pare well with the predicted value. 1In view of the lack of data for low-copper
weldments at the low to medium fluence values that were used to develop the
estimating curves, the predictive techniques should improve as additional data

are obtained from which better prediction curves can be developed.

Results from other capsules indicate that the RT estimating curves have

greater inaccuracies at the low neutron fluence zzzels (<5 x 10*® n/em?). This
inaccuracy is attributed to the limited data at the low fluence values and to
the fact that the majority of the data used to define the curves in RG 1.99

are based on the shift at 30-ft-1b as compared to the current requirement of

50-ft-1b. For most materials, the shifts measured at 50-ft-1b/35 MLE are
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expected to be higher than those measured at 30-ft-1b. The significance of the
shifts at 50-ft-1b and/or 35 MLE is not well understood at present, especially
for materials having USEs that approach the 50-ft-1b level and/or the 35-MLE

level. Materials with this characteristic may have to be cvaluated at transi-

tion energy levels lower than 50 ft-1b.

The lack of good agreement of the change in Charpy USE is further support of
the inaccuracy of the prediction curves at the lower fluence levels. Although
the prediction curves are conservative in that they predict a larger drop in
USE certain materials than are observed for a given fluence and copper content,
the conservatism can unduly restrict the operational limitations. These data
support the contention that the USE drop curves will have to be modified as
more reliable data become available; until that time the design curves used

to predict the decrease in USE have adequate conservatism.
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Table 3-1. Comparison of Tensile Test Results

Bese Metal‘®

Fluence, 10'® n/em? (>1 MeV)
Ult. tensile strength, ksi
0.2% yield strength, ksi
Elongation, %

RA, %

Weld Metal

Fluence, 10'® n/cm® (>1 MeV)
Ult. tensile strength, ksi
0.2% yield strength, ksi
Elongation, %

RA, %

(a)

Transverse-axial.

Room temp test

Elevated temp test

Unirr Irrad
0 2.49
92.5 99.3
70,7 80.4
18.8 20.9
58.8 54.9
0 2.49
79.4 84.5
64,2 70.8
19.2 19.3
71.0 65.0
3-4

550F 548F
0 2.49
86.2 95.7
55.6 64.7
23.3 18.4
54.5 47.0
0 2.49
78.7 84.5
60.9 63.6
19.0 19.0
60.0 56.5
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Table 3-2. Observed Vs Predicted Changes in Irradiated
Charpy Impact Properties

Material Observed Predicted(a)

Increase in 30-ft-1b trans temp, F

Base material

Axial 21 87
Tangential 39 87
Heat-affectzd zone 55 87
Weld metal 78 53

Increase in 50-ft-lb trans temp, F

Base material

Axial 45 87
Tangential 68 87
Heat-affected zone 58 87
Weld metal 71 53

Increase in 35-MLE trans temp, F

Base material ®
Axial 36 87(b)
Tangential 73 87

Heat-affected zone 45 87(b)

Weld metal 80 53(b)

Decrease in Charpy USE, ft-1b

Base material

Axial 10 14
Tangential 25 22
Heat-affected zone 40 19
Weld metal 3 15

(a)These values predicted per Regulatory Guide 1.99, Revision 1.

(b)nased on the assumption that MLE as well as 50-ft-lb tran-
sition temperature is used to control the shift in RTNDT’
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Figure 3-1. Irradiated Vs Unirradiated Charpy Impact Properties
of Base Metal, Axial Orientation
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Figure 3-2. Irradiated Vs Unirradiated Charpy Impact
Properties of Base Metal, Tangential

Orientation
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Figure 3-3. Irradiated Vs Unirradiated Charpy Impact
Properties of Weld Metal
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Figure 3-4. Irradiated Vs Unirradiated Charpy Impact
Properties of Base Mvtal, Heat-Affected-

Zone

Seean FracTume, 1

AT = 45F

.Oit_ ________

Unirradiated

LaTEraL WorTom Expansiox,

AUSE = 40 fe-1b

Unirradiated
2.49 x 10'* ave

Iwpact Eneney AnsoRPyion, #1-1a

m[
1
o
:
-
-
T
-

MoreniaBase Metal-HAZ
Omienrarion _N.A.

Fruemce _ N.A.
Near Mo, 290400/292332
1 1 1 i L
%0 & 120 160 200 0 280
Test Tewegmarume, F

Babcock & Wilcox




4. NEUTRON DOSIMETRY

4.1. Introduction

A significant aspect of the surveillance program is to provide a correlation
between the neutron fluence above 1 Mev and the radiation-induced property
changes noted in surveillance specimens. To permit such a correlation, acti-
vation detectors with reaction thresholds in the energy range of interest are

placed in each surveillance capsule. The reactions of interest for the de-

tectors are given in Table 4-1.

Because of a long half-life of 30 years and an effective energy range of >0.5
Mev, the measurements of '’’Cs production from fission reactions in 2'7Np and
238y are more directly applicable than the other dosimeter reactions to anal-
ytical determinations of fast (E > 1 MeV) fluence during cycle 1. The other
dosimeter reactions are useful as corroborating data for shorter time inter-
vals and/or higher energy fluxes. Short-lived isotope activities are repre-
sentative of reactor conditions over the latter portion of the irradiation
period (full cycle) only, whereas reactions with a threshold energy > 3 or 4
Mev do not record a significant part of the total fast flux.

The energy-dependent neutron flux is not directly available from activation
detectors because the dcsimeters record only the integrated effect of the
neutron flux on the target material as a function of both irradiation time and
neutron energy. To obtain an accurate estimate of the time-average of neutron
flux incident upon the detector, the following parameters must be known: the
operating history of the reactor, the energy response of the given detector,
and the neutron spectrum at the detector location. Of these parameters, the
definition of the neutron spectrum is the most difficult to obtain, Essen-
tially, two means are available to obtain the spectrum: iterative unfolding

of experimental foil data and analytical methods. Due to a lack of sufficient
threshola {1 detectors satisfying both the threshold energy and half-life

requirements necessary for a surveillance program, calculated spectra are used

in this analysis.
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4.2. Analytical Approach

Energy-dependent neutron fluxes at the detector locations were determined by
a discrete ordinates solution of the Boltzmann transport equation with the
two-dimensional code DOT 35.° The North Anna | reactor was modeled from the
core out to the primary concrete shield in R-theta geometry (based on a plan
view along the core midplane and one-eighth core symmetry in the azimuthal
dimension). Also included was an explicit model of a surveillance capsule at
the proper location. The center of capsule V was positioned 192.84 cm from
the core center and 15.0° off-axis. The reactor model contained the follow-
ing regions: core, liner, bypass coolant, core barrel, inlet coolant, thermal
shield, pressure vessel, cavity, and shield tank, Input parameters to the
code included a pin-by-pin, time-averaged power distribution, CASK23E 22-group
microscopic neutron cross sections’, 8, order of angular quadrdture, and P,

expansion of the scattering cross section matrix.

Because of computer storage limitations, it was necessary to use 2 geometric
models to cover the distance from the core to the primary shield. A boundary
source output from the initial model A (core into the pressure vessel) was

used to "bootstrap" a model B, which included the capsule.

Flux output from the DOT 35 calculations required only an axial distribution
adjustment. Thus, fluxes were multiplied by an axial shape factor to account
for the capsule elevation, Capsule V extended about 50 inches above and be-
low the core midplane. This factor ranged from 1.06 to 1,19 for various dosi-
meter locations in the capsule and was 1.20 at the maximum location in the

pressure vessel,

The calculation described above piovides the neutron flux as a function of
energy at the detector position. These calculated data are used in the fol-
lowing equations to obtain the calculated activities used for comparison with
the experimental values. The basic equation for the activity D (in uCi/g) is
given below.

-Ait_j].-li('l’-tj)

M
R [ . )
' A3.7 % 10° £, lp 9, (®)6E) ] Pl -e (4=1)

j-l
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vhere C = normalizing constant, ratio of measured to calculated flux,

N = Avogadro's number,
A, = atomic weight of target material i,

f, = either weight fraction of target isotope in nth material
or fission yield of desired isotope,

o _(E) = group-averaged cross sections for material n, listed in
n
T‘ble D"3 »

$(E) = group-averaged fluxes calculated by DOT analysis,

F, = fraction of full power during jth time interval, tj’
A, = decay constant of ith material, .

t, = interval of power history,

T = sum of total irradiation time, i.e., residual time in reac-
tor, and wait time between reactor shutdown and counting,

Tj = cumulative time from reactor startup to end of jth time
period, i.e.,

J
T, = ) t..
1 k=1 k
The normalizing constant C can be obtained by equating the right side of equa-
tion 4-1 to the measured activity. With C specified, the neutron flueace

greater than | Mev can be calculated from

15 Mev M
$(E > 1.0Mev) =C § ¢ § Pyt (4-2)
E=1 ji=1

where M is the number of irradiation time intervals; the other values are as

defined above.

4.3, Results

Calculated activities are compared to dosimeter measurements in Table 4-2.
The fission wire data indicate about a 20% underprediction of fast flux (E >
1 Mev) by the analytical mode described herein; non-fission wires were within
-4 to +12% of measurements. Although many factors could account for this

discrepancy, including the presence of impurities in the wires and possible
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gamma-induced fission reactions, the comparison was considered good for this
type of problem. Fission wire data were corroborated with additional fission
product reactions not reported here. A value of 1.15 was conservatively se-
lected for the normalization factor and then applied to calculated fluxes in
the pressure vessel. Thus, fast flux (E > 1| Mev) was determined to be 6.98
(#10) n/cm®-s in the capsule (center dosimeter location at core midplane) and
6.76 (+10) n/cm’~s in the pressure vessel at the maximum location (Table 4-3).
Corresponding fluence values for cycle 1 (413 EFPD at 2775 MW) were 2.49 (+18)
and 2.41 (+18) n/cm?, respectively. Flux exposures for E > 0.1 Mev were
greater by more than a factor of two. The maximum location in the pressure
vessel was at the inside surface along a major axis (across the flats diame-
ter) and about 80 cm below core midplane. The capsule lead factor (ratio of
fast flux in the capsule to maximum fast flux in the pressure vessel) was

1.03 based on a central capsule location.

Flux magnitude is sensitive to location within an object as large as a sur-
veillance capsule. Therefore, sufficient detail was included in the calcula-
tional model to provide flux values that were spatially averaged over each
specimen. Data presented in Figure 4-1 show a difference of more than 25%
between maximum and mini{mum specimen fluence (or flux) at the same elevation.
The effect of axial position can be seen in Figure 4-2. Thus, the midplane
values listed in Table 4-3 can be converted to other locations within a cap-
sule by a radial factor (Figure 4-1) and a ratio of axial factors, local to

midplane (Figure 4-2).

Cycle 1 fluence was extrapolated to the 32-year vessel design life by assuming

proportionality to fast flux escaping the core from fuel management critical-

ity analyses of cycles 2 through 4. Cycle 4 was presumed to be representative
of an equilibrium cycle., This procedure accounts for the changes in relative
power distribution resulting from fuel shuffling between fuel cycles and ef-
fectively translates cycle 1 resuits to equilibrium cycle results, Lifetime
fluences at several pressure vessel locations are listed in Table 4-4, Flu-
ence as a function of penetration through the pressure vessel is shown in

Figure 4-3,

To facilitate estimation of flux (and/or fluence) at other capsule locations,
the azimuthal variation of fast flux is plotted in Figure 4-4. Although the

data were calculated at the vessel surface, they should also be applicable at
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the capsule radius. Since all other capsule locations are located at angles
over 15° off axis, the corresponding lead factors will be less than the cap-

sule V lead factor.

4.4, Summary of Results

1. The average fast fluence at the capsule center for the midplane elevation
was 2.49 x 10'® n/em (E > 1 Mev) after the first fuel cycle (413 EFPD).
The maximum value at the pressure vessel wall was calculated to be 2.41
x 10'° n/cm?.

2. Extrapolation to the 32-year vessel design life based on assumed equilib-
rium cycle conditions resulted in values of 5.8 (+19), 3.4 (+18), and 8.5
(+18) n/cm® for maximum locations at the vessel surface, at T/4, and at

3T/4, respectively.

Table 4-1. Surveillance Capsule Detectors

Energy Isotope
Detector reaction range, Mev half-life
S“Fe(n,p) "“Mn 2.5 313 days
*®Ni(n,p)*%Co >2.3 71.2 days
s’Cu(n,a)°°Co >5.0 5.27 years
238%,(n,£)1?7Cs >1.1 30.1 years
23 7%p(n,£)'%7Cs >0.5 30.1 years
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Table 4-2. Dosimeter Activations

A B
measured calculated C = A/B
activity, activity, normalization
Reaction uCi/g uCi/g constant
S%Fe(n,p) > *Mn gg1 (2 964 0.92
581 (n.p) **Co 1550 ®) 1630 0.95
$3cu(n,a)* Co 2.08 2.58 0.81
3% (n,f) ¥ Cs 3,28 2.85 1.15
3Np(n,£)'¥7Cs 21.3 18.7 1.14

(a)
(b)

Average of five dosimeter wires from Table D-2,

Average of three dosimeter locations in calculational model.

Table 4-3. Neutron Flux and Fluence

Fast fluence for

Fast flux, cycle 1 (413 EFPD),
n/cm’-s n/cm?
E > 1 Mev
Capsule, central 6.98 (+10) 2.49 (+18)
dosimeter loc'n(2)
Pressure vessel 6.76 (+10) 2.41 (+18)
surface (max)
E > 0,1 Mev
Capsule, central 1.72 (+11) 6.14 (+18)
dosimeter loc'n
Pressure vessel 1.72 (+11) 6.14 (+18)

surface (max)

(.)Approxinntc geometric center of specimens at core

midplane.
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Axial Shape of Fast Flux at the Pressure Vessel Surface
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Figure 4-4. Azimuthal Variation of Fast Flux at the
Pressure Vessel Surface
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6. CERTIFICATION

The specimens were tested, and the data obtained from Virginia Electric &
Power Company's North Anna Unit | surveillance capsule V were evaluated using
accepted techniques and established standard methods and procedures in accor-

dance with the requirements of 10 CFR 50, Appendixes G and H.

Project Technical Manager

This report has been reviewed for technical content and accuracy.

Cémponent Engineering
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The Rotterdam Dockyard Company supplied the Westinghouse Electric Corporation
with sections of SAS08 Class 2 forging used in the core region of the North
Anna Unit No. | reactor pressure vessel for the Reactor Vessel Radiation Sur-
veillance Program. The sections of material were removed from a 10-inch lower
shell course forging 03 of the pressure vessel heat treated as shown in Table
A-1. The Rotterdam Dockyard Company also supplied a weldment made from sec-
tions of forging 03 and adjoining intermediate shell course forging 04 using
weld wire representative of that used in the original fabrication. The forg-
ings were produced by Rheinstahl Huttenwecke. The heat treatment history and
quantitative chemical analysis of the pressure vessel surveillance material
are presented in Tables A-1 and A-2, respectively.

Table A-1, Heat Treatment History

Temperature,

Material F Time, h Coolant
Lower shell 1616-1725 3:3 Water-quenched
forging 03, 1202-1292 7.5 Purnace-cooled
Heat No. to B42F
990400/ 292332

1130 ¢ 25 14,75 Furnace~cooled
Weld metal 1130 & 25 10.75 Furnace-cooled

A-2 Babcock & Wilcox



Table A~-2., Quantitative Chemical Analysis, wt %

Forging 03 heat Rotterdam
No. 990400/292332! dock W weld metal
Element (Heltig.houae') analysis " analysis

C 0.20 0.19 0.06

0.011 0.014 0.012
N 0.015 - 0.015
Co 0.020 - 0.006
Cu 0.16 0.15 0.086
Si 0.26 0.22 0.35
Mo 0.61 0.63 0.49
Ni 0.79 0.80 0.11
Mn 0.68 0.68 1.29
Cr 0.30 0.30 0.025
v 0.037 0.02 0,001

0.019 0.010 0.020
Sn 0.017 - 0.003
Al 0,021 - 0.009

11 elements not listed are less than 0.010 wt %.
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Table B-1. Preirradiation Tensile Properties of Forging Material

(Base Metal) and Weld Metal’

Ultimate
Test Yield tensile Percent Percent
temperature, strength, strength, total reduction
F ksi ksi elongation in area
Forging Material
Room 70,1 92.4 18.8 60.7
Room 1.} 92.7 18.8 57.0
Average 70.7 92.5 18.8 58.8
550 58,0 87.2 20,6 52.0
550 53.1 85.3 26,0 37.0
Average 55.6 86,2 23.3 54.5
Weld Metal
Room 63.2 78.3 18.9 71.0
Room 65.2 80.4 19.5 71.0
Average 64,2 79.4 19.2 71.0
550 60,2 76,9 20,0 63.0
550 61,7 80.5 18,0 57.0
Average 60.9 78,7 19.0 60.0
B-2 Babcock & Wilcox
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Table C-2. Preirradiation Charpy V-Notch Impact Data for
~ North Anna Unit 1 Reactor Pressure Vessel
Lower Shell Forging 03, Heat No. 990400/
292332, Tangential Orientation’

Test Impact Lateral Shear
temp, energy, expansion, fracture,
F ft-1b mils %
-15 30 21 9
~15 9 9 0
~15 19 16 3
40 66 48 40
40 84 60 45
40 78 59 56
74 96.5 67 38
74 101 74 64
74 i35 59 38
125 116 74 77
125 115 78 2
125 99 67.5 79
170 143 80 100
170 147 83 100
170 144 81 100
210 126.5 88 100
210 123 84.5 100
210 127 80 100
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Table C-3. Preirradiation Charpy V-Notch Impact Data for
North Anna Unit 1 Reactor Pressure Vessel
Core Region Weld Heat-Affected Zone Material

Test Impact Lateral Shear
temp, energy, expansion, fracture,
F ft-1b mils %
-125 21 13 9
~125 &5 2+3 5
-125 13 6 5
-80 5.5 3 3
-80 76.5 47 29
-80 53 21 18
~25 22.5 13 18
-25 47 26 23
=25 ) . 15 13
40 104 65 81
40 62 43.5 45
40 78.5 46 42
100 156.5 78 100
100 127.5 81 79
100 125.5 73 90
170 152.5 72 100
170 166 82 100

170 109 74 100




Preirradiation Charpy V-Notch Impact Dat:
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Figure C-1. Charpy Impact Data From Unirradiated
Base Metal, Axial Orientation
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Charpy Impact Data From
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Threshold Detector Information
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Dos fmeter
Material

Cobalt-Aluminus
(Bare)

Cobalt-Aluminum
(Cadmium Covered)

tQ

Copper

Nickel

X02|IM 3 %002qeg

Rid-Fe

MB-Fe

B-Fe

T-Co

b-Co

T-Co

B-Co

W-Cu

nid-Cu

MT-N{

Mid-Ni

ME-N{

Table D-1.

North Anna Neutron Dosimeters — Capsule V Irradiation
Ended September 25, 1979, 24:00

Mass
{grams)

L0524

L0544

0ad2

.0as?

0368

.0070

0832
.0512

B R

0534

L0876

Reaction
“Fo(a .p)“n
“fe(n o )s’h
s‘u(n.x:)s‘m
s‘h(n .Y )S’Fo
“n(n.p)“ih
Bre(ny) e
“to(n .n)“h
“Fl"l.v )59
"n(n.p',“n
s‘t‘o(».»)”k
s'(’4:(u.v.“"C»
$%¢o(n.11%%o
con.v)%%0
9co(n,v1%co
“Cu(n.-)wCo
S3u(n,a)%%0
“Cu(n.c)“to
“li(u.p)s‘to
601 (n.p)*0co
“M (n.p)”(o
60.‘ (u.p)wto
i n.0) %0
lﬂ.‘ (n .p)wto

Nuclide
“en
59e
e

F#&F

5
-

FEFFLLLLEFS

sFFF

Nuclide
Activity(,C1)

&1
6.03

L0745

0.119

Activity/Gram

of Material{.Ci/g)
$3.3
ns.
50.8
{ral
$30
116.
50.2
112
52.0
18

2.15
1030.
2.06

(a)

Activity/Gram

of Target(uli/g)

216
34,800
873
36,700
912
35,200
861
13,900
893
35,800
163,000'9)
172,000
5’.““’
58,900
2.0¢
2.16
2.08
1550.
7.84
15%0
8.22

7.87

(b.c)




Table D-1. (Cont'd)

Dos imeter Nuc 1 ide Activity/Gram (a) Activity/Gram (
Material Location Reaction Activity(yCi) of Material(uCi/g) of Target(uCisg) "

Uy0, Dostmeter Block B8y, £)F.P. 0.974 7.6 s ale)

1. 91.2 108.
2.3
2.7

54,6

4.3
Dos imeter Block - 3.
547
120

(a) The materials are defined to be fron, cobalt, copper, nickel, U30g and NpO,. (d) Data provided by Art Lowe indicate the cobalt-aluminum wire is 0.15% cobalt

(b) The target nuclides are listed on the left side under the column headec REACTION. (@) Westinghouse-supplied data lists the quantity of ”‘u as 12 mg and the quantity

{€) The following weight percents were used to calculate the activity per gram of of “"'Np as 17¢1 mg. Only part of each was recovered from the capsules.
target nuclide: Both are stated to be "93.9% pure”. Using the formula weights for "‘u,o‘ and

5.82 w2 n’mz yields target weight fractions of 0.848 and 0.881.

0.33 wt2
100. wti
68.5 wtz
67.77 wtt
26.16 w3




"-a

X02]1/A ¥ §000qeg

Table D-2.

Dosimeter Activation Cross Sections

(

Energy range,

a)

c Mev 2375 238y Seng SYpe 630,

1 13.3 -15.0 2.323 1.050 0.4830 0.4133 4.478 (-2)
2 10.0 -12,2 2,341 0.9851 0.5735 0.4728 5.361 (-2)
3 8.18 -10.0 2.309 0.9935 0.5981 0.4772 3.378 (-2)
K 6.36 -8.18 2,093 0.9110 0.5921 0.4714 1.246 (-2)
5 4.96 -6.36 1.541 0.5777 0.5223 0.4321 3.459 (-3)
6 4.06 -4.96 1.532 0.5454 0.4146 0.3275 6.348 (-4)
7 3.01 -4.06 1.614 0.5340 0.2701 0.2193 7.078 (-5)
8 2.46 -3.01 1.689 0.5272 0.1445 0.1080 3.702 (-6)
9 2.35 -2.46 1.695 0.5298 9.154 (-2) 5.613 (-2) 6.291 (-7)
10 1.83 -2.35 1.677 0.5313 4.856 (-2) 2.940 (-2) 1.451 (=7)
11 1.11 -].83 1.596 0.2608 1.180 (-2) 2.948 (-3) 1.317 (-9)
12 0.55 -1.11 1.241 9.845 (-3) 6.770 (=4) 6.999 (-5) 0
13 0.111 -0.55 0.2341 2,432 (-4) 1.174 (-6) 1.578 (-8) 0
14 0.0033 -0,111 0.0069 3.616 (-5) 1.023 (-7) 1.389 (-9) 0

(a)ENDF/BV values flux-weighted with a fission spectrum combined with a 1/E inter-

mediate energy distribution.
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RESEARCH AND DEVELOPMENT DIVISION

TECHNICAL PROCEDURE

Operator Qualification

Individuals performing the static tension test

3

have de

by training and experience and shall

| ¢ 4 "y
to perform the tests in accordance with this proce

faction of LRC Project Leader.

PROCEDURE NO. LRC-TP-78
PAGE NO, 2




RESEARCH AND DEVELOPMENT DIVISION

TECHNICAL PROCEDURE aats 10/22/178

.

3.1

. S

3. Specimen

Specimen Geometry

The specimen shall be any round cross-sectional specimen. The gage
length shall be four times the diameter of the specimen. The

ends of the specimen outside the gage length shall be of a shape

to fit the grips of the testing machine such that the loads

are applied axially.

Specimen Preparation

In order to measure the deformation of the specimen, two
fiducial marks shall be imprinted at the boundaries of the gage
length. These marks may be stamped lightly with a punch,
scribed lightly with dividers or a razor, or drawn with ink,

as required by the LRC Project Leader. Care should be taken

to place the marks with the same angular orientation with

respect to one another.

proceoune no, LRC-TP-78
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\ESEAKCH AND DEVELOPMENT DIVIS!ON
ECH!!ICAL PROCEDURE oare_10/28/78

-— -

4.6.5 Diametral Measurement

The instrument used for diametral measurement shall be calibrated

at least anually against standards traceable to the NBS.

proceount No, LRC-TP-78
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RESEARCH AND DEVELOPMENT DIVISION
TECHNICAL PROCEDURE
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3.

Test and Specimen Parameters

5.1 Speed of Testing

Testing shall be performed in stroke (displacement) or strain control.
cpeeds [in distance/time or distance/(gage length X time)] shall be
designated by the LRC Project Leader. Speeds may be increased after
the 0.2% offset yield point is passed, also by designation of the

LRC Project Leader.

5.2 Temperature
The nominal test temperature shall be designated by the LRC
project Leader. The testing shall not begin until thermal
equilibrium is reached. The time of holding at temperature prior

to the start of the test shall not be less than 20 minutes.

5.3 Specimen Measurement

The cross-sectional area, Ao’ of the specimen shall be determined

by the following equation:

2 2
Ao m (ODo)
4
where 0D, is the outside diameter at the gage section before testing.
The value, 0D, shall be either measured directly from the specimen or

taken from an existing data sheet.

5.4 Test Record

The test record shall include a graph of load-strain (ioad-
displacement) behavior. The load and strain (displacement) ranges
shall be selected to provide adequate data resolution for the

specified test conditions. Pertinent procedural parameters shall

be listed by the operator on the Sfatﬁc ?g£§ion Test Record Report

(see attachment).
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-

6. Analysis Procedure

The results listed below shall be determined by the methods described in ASTM

Method E8-69. For convenience, summaries of these methods are described below.
6.1 Uniform Strain

Strain shall be reported as the increase in the gage length expressed as

a percentage of the initial gage length, as follows:

AR
CU (lo) x 100%Z

where:
€y = Uniform strain, % (dimensionless)
AL = Increase in the gage length (in.)
Lo = Initial gage length (in.)

The increase in the gage length is found from the load-elongation chart.
Uniform strain includes all elongation which occurs until the maximum
load is reached. Should the extensometer be removed before the maximum
load is reached, the gage length (after removal) shall be the original

length of the reduced diameter section.

Both plastic uniform strain and elastic strain data are available from
the load-strain chart. Uniform strain may be reported either as a
summation of the two, or plastic uniform strain alone, to the preference
of the LRC project leader., In either case, the type of strain reported

shall be recorded on the Static Tension Test Record Report (see attachment).

6.2 Total Elongation
The total elongation includes the entire specimen deformation within the
specimen after its failure., The equation to be used for the determination
of total elongation is the same as that given in Section 6.1 (Uniform
Strain), but with ey (total strain) substituted for ey. The increase in
the gage length (AL) shall be found by placing the broken er s of the
specimen together and measuring the distance between fiducial marks, From

this measurement is subtracted the original distance between the marks

giving AR,

E-9
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RESEARCH AND DiVELOFMENT DIVISION
TECHI!!ICAL PROCEDURE DATE 1/27/81

1, Introduction
1.1 This Technical Procedure outlines a method for notched bar impact

testing of metallic specimens using the Charpy apparatus for the
evaluation of impact energy, percent shear fracture, and lateral
expansion. ASTM Methods A370-77, E23-72, and 10 CFR 50 Appendix G
are the governing documents. Deviations from and conformance to

particular specifications are noted in the procedure.

1.2 This procedure is designed to document the commitments made by
the testing organization during the performance of the Charpy
test. Specifically, these commitments are in regards to operator

qualification, equipment calibrations, test and analysis procedures,

and the test record.

1.3 Results obtained from Charpy specimens tested according to this
precedure shall be acceptable for B&W's Reactor Vessel

surveillance Program (RVSP).

1.4 The scope of this procedure does not include detailed instrument
settings and test parameters required by the person who performs
the test. Mention will be made, however, whenever a referenced

ASTM Method contains information of interest to said person.

Note: The latest edition of the applicable ASTM methods supersedes those listed
in this procedure.
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2. Operator Qualification
2.1 Individuals performing the Charpy impact test shall be qualified

by training and experience and shall have demonstrated competency
to perform the tests in accord with this procedure to the satisfaction

This paragraph is in compliance with

of the LRC Project Leader.
10 CFR 50, Appendix G.
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3. _Specimen
3.1 Specimen Ceometry

3.2

The specimen shall be a Charpy impact test specimen, Type A, that
conforms to ASTM E23-72, Section 7 and ASTM A370-77, Section 20.2.1.

Number of Tests

ASTM Method A370-77, Section 20.1.2 states that a test shall be
composed of three specimens taken from a single test coupon or

location. Due to the scarcity of specimens, one specimen shall
compose a test. Consistent with this, this procedure is also in
violation of Section 22.1, which requires an arithmetic average

of three specimens as the result of a test.
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5.2 Instrumented System

The data storage unit(s) of the instrumented impact system shall
be calibrated at least annually against standards traceable to the
National Bureau of Standards (NBS). The system as a whole will be
checked by the comparison of the energy value as recorded by the
instrumented system with that as indicated on the impact machine.

This shall be done on a random basis, at least once daily.

5.3 Temperature Measurement

The thermometer used for temperature measurement shall be calibrated R
against standards traceable to the NBS within 3 months prior to the

test.

5.4 Lateral Expansion Measurement
The dial indicator used for the measurement of lateral expansion

shall be calibrated at least annually against standards traceable

to the NBS.

5.5 Percent Shear Fracture Determination

Should a dial caliper be used in the determination of percent
shear fracture, it shall be calibrated at least annually against

standards traceable to the NBS.
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7. Analysis Procedure

7.1 Impact Energy
The Charpy Impact Energy shall be read to the nearest interger as

indicated on the Charpy machine's energy indicator. The maximum
energy signal on the oscilloscope (Eamax) shall be read to the

nearest determinable value.

7.2 Determination of Lateral Expansion

Lateral expansion shall be measured according to ASTM Method

A370-77, Section 23.2.3.1. The following is a synopsis of that

section:

’ The broken specimen halves shall be retrieved and cleared of any

¢ burrs which may exist on the surface, other than the protrusions
to be measured. The specimen halves shall be measured by individually
placing them against the reference supports, with the protrusion
against the gage anvil. Two measurements shall be made on each
specimen half: one measurement on each side. The larger of the
two measurements corresponding to a given specimen side is the
expansion of that side of the specimen. Total lateral expansion

is the sum of the larger measurcaments for the two sides.

7.3 Determination of Percent Shear Fracture

The determination of percent shear fracture shall be done in
accordance with either Method (1) or (2) of ASTM Methods A370-77
Section 23.2.2.1. Method (1) involves the use of dial caliper

in the measurement of either specimen half's fracture surface

as shown in Figure 14 of Method A370-77. The measurements shall

be used in conjunction with Table 4 cf Method A370-77 to find the
percent shear fracture. Method (2) involves the comparison of

the appearance of the fracture surface with the comparator chart,
Figure 14 of Method A370-77. The choice of Method (1) or (2) shall
be made by the LRC project leader on an individual specimen basis.
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