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The analysis of the vessel material surveillance capsule basket

I. SUMMARY OF RESULTS

No. 18 removed from the 215° position in the Quad Cities 2 pressure
vessel during the 1981 refueling outage led to the following results.

(1)

(2)

(3)

Based on a calculated neutron spectral distribution,
the capsule received a fast fluence of 6.6 x 1016
n/cmé, E > 1 MeV, in 5.63 Effective Full Power Years
(EFPY) of operation.

The shifts in RTNDT vere small, from -2°F for the base
plate to +43°F for the weld metal, as a result of the
above exposure, These data are consistent with the
level of the exposure and may reflect data scatter
rather than real changes in RTNDT'

The Charpy upper shelf energy of the base plate and
the electroslag heat-affected zone (HAZ) surveillance
materials increased, but that of the electroslag weld
metal decreased after exposure. This may also reflect
data scatter,

Based on a caiculated neutron spectral and spatial dis-
tribution, the maximum fluence rate (flux) incident on
the pressure vessel wall is 4.89 x 108 n/cm?/sec,

E > 1 MeV. Therefore, the projected maximum vessel
wall neutron fluence after 32 EFPY of operation is

4.9 x 1017, E > 1 Mev.



IT. BACKGROUND

The allowable loadings on nuclear pressure vessels are determined
by applying the rules in Appendix G, "Fracture Toughness Requirements,"
of 10CFR50 [1]. In the case of pressure-retaining components made of
ferritic materials, the allowable loadings depend on the reference
stress intensity factor (Kjg) curve indexed to the reference nil duc-
tility temperature (RTypt) presented in Appendix G, "Protection Against
Non-ductile Failure," of Section III of the ASME Code [2]. Further,
the materials in the beltline region of the reactor vessel must be moni-
tored for radiation-induced changes in RTypr per the requirements of
Appendix H, “Reactor Vessel Material Surveillance Program Requirements,"
of 10CFR50.

The RTypt is defined in Paragraph NB-2331 of Section III of the
ASME Code as the highest of the following temperatures:
(1) Drop-weight nil ductility temperature (Di-NDT)
per ASTM E 208 [3]

(2) 60 deg F below the 50 ft-1b Charpy V-notch (Cy)
temperature

(3) 60 deg F below the 35 mil Cy temperature.

The RTypt Must be established for all materials, including weld metal and
heat-affected zone (HAZ) material as well as base plates and forgings,
which comprise the reactor coolant pressure boundary.

It is well established that ferritic materials undergo an increase
in strength and hardness and a decrease in ductility and toughness when
exposed to neutron fluences in excess of 1017 neutrons per cmé (E > 1
MeV) [4]. Also, it has been established that tramp elements, particular-
ly copper, and nickel can affect the radiation embrittliement response of
ferritic materials [5-7]. The relationship between increase in RTypt and
copper content is defined in Regulatory Guide 1.99. Although this docu-
ment is being revised by the NRC to reflect a more recent evaluation of
neutron embrittlement data from reactor surveillance nrograms , estimates
of shifts in RTypt in this report are based on the current Revision 1 of
Regulatory Guide 1.99 [8].






III. DESCRIPTIOM OF MATERIAL SURVEILLANCE PROGRAM

The G.E. vessel material surveillance program is described in de-
tail in NEDO-10115 [10]. Six vessel wall baskets, each located opposite
the vertical center of the core and containing encapsulated Charpy V-notch
and tensile specimens, were placed in the Quad Cities 2 vessel at the pres-
sure vessel wall prior to startup. In addition, three baskets were placed
near the core. One vessel wall basket (No. 13) and two near-core baskets
(Nos. 12 and 14) had been previously removed, tested, and the results re-

o ported [11,12].

The vessel wall Basket No. 18, removed during the 1981 refueling
outage from the 215° position, contained two impact capsules (each hold-
ing 12 Charpy V-notch specimens plus an iron, a nickel, and a copper
flux wire) and three tensile capsules (each holding two tensile specimens).
The capsules did not contain thermal monitors. Drawings of the impact and
tensile specimens, and photographs of the impact and tensile capsules and
the surveillance basket are shown in Appendix A.

According to NEDO-10115 [10], the Quad Cities 2 base metal specimens
were made from flat slabs cut parallel to and one-quarter plate thickness
from both of the plate surfaces, and were machined with their longitudinal
axes parallel to the plate rolling direction. The electroslag weld (ESW)
metal and ESW heat-affected zone (HAZ) specimens were cut from a test weld
representing a vessel weided joint which had been fabricated from vessel
base material, the weld and HAZ Charpy V-notch specimens being oriented
with the long axis transverse to the weld direction and the weld HAZ
tensile specimens with the long axis taken parallel to the weld direction.
The notches of all Charpy V-notch specimens were perpendicular to the orig-
inal plate surfaces.

The mechanical properties of unirradiated (baseline) surveillance
specimens for the Quad Cities 2 vessel were determined and reported at
the time of the testing and analysis of the specimens from the first
baskets [13]. These data were used to determine the shifts in RTypt
experienced by the materials in the 215° basket No.18.



IV. TESTING OF IRRADIATED SPECIMENS

The capsule shipment, capsule opening, specimen testing, and report-
ing of results were carried out in accordance with the Project Plan for
the Quad Cities 2 Nuclear Power Plant R:actor Vessel Irradiation Surveil-
lance Program. Each of these activities is discussed below.

A. Shipment, Opening, and Inspection of Capsule

After visually inspecting and photographing the surveillance cap-
sule basket, SwRI personnel opened the basket and photographei the con-
tents. There was no evidence of damage to the capsules, see Appendix A.
SwRI loaded the impact and tensile capsules into a radicactive material
shipping cask and transported them to San Antonio, Texas.

The capsules were opened and the contents identified and stored in
accordance with SwRI Procedure XIII-MS-103-1. The end plugs were cut
from each capsule with a band saw set up in the hot cell, then the test
specimens and dosimeter wires were removed from the shell and placed in
indexed receptacles.

Each mechanical test specimen was inspected for identification num-
ber, which was checked against the master list NEDO-10115 [10], and no
discrepancies were found. The neutron dosimeter wires were identified
and placed in tagged containers.

B. Neutron Dosimetry

The gamma activities of the dosimeters were determined in accordance
with SwRI Procedure XI-MS-101-1 using an IT-5400 multichannel analyzer and
a Ge(Li) coaxial detector system. The calibration of the equipment was ac-
complished with 54Mn, 60Co, and 137Cs radioactivity standards obtained from
the U.S. Department of Commerce Mational Bureau of Standards. All activ-
ities were corrected to the time-of-removal (TOR) at reactor shutdown.

The dosimeter wires were weighed on a balance having a sensitivity
of 1 microgram. Infinitely dilute saturated activities (Asar) were
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TABLE II

RESULTS OF DISCRETE ORDINATES Sn TRANSPORT ANALYSIS
QUAD CITIES 1 AND 2

A. Calculated Reaction Cross Sections for Analysis of Fast Neutron
Monitors (E > 1.0 MeV)

Reaction 3 (barns)
54re(n,p)54Mn 0.197
58Ni(n,p)58Co 0.237
63¢u(n,a)®0co 0.00330

B. Calculated Basket Lead Factors (E > 1 MeV)

Location within

Position(d) Vessel Wall Lead Factor(P)
215" I.D. Surface 0.755
215° 1/47 1.07
215° 3/47 4,75

(a) Azimuthal position of surveillance Basket No. 18

(b) Capsule neutron flux density, E > 1.0 MeV
Maximum neutron flux density at vessel 1.D., E > 1.0 MeV
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TABLE III

SUMMARY OF NEUTRON DOSIMETRY RESULTS
QUAD CITIES 2, VESSEL WALL SURVEILLANCE BASKET MO. 18 (215°)

Dosimeter 1.D. Activation Weight AtoR Asat Flux, E > 1 Mev(a)
Material Capsule Reaction (mq) (dps/mg) (dps/mq) (n/cw?/sec)
Fe G610 SFe(n,p)%Mn  155.2 2.093 x 101 2.994 x 10! 2.47 x 108
611 138.3 2.136 x 10 3.057 x 10! 2.52 x 108
Average = 2.49 x 108
Cu 610 63cu(n,a)60co  360.2 5.015 x 100 1,144 x 10! 5.29 x 108
611 331.8 4.258 x 100 9,717 x 100 4.49 x 108
Average = 4.89 x 108
Ni 610 BNi(n,p)58co  290.2 (b) - .
611 247.2 (b) - -

(a) Calculated flux values subject to a *+ 16.5% uncertainty (lo).
(b) 98Co had decayed away at time of measurement.

vl



cross sections. Other neutronic factors contributing to the estimated

+ 16.5% uncertainty (1c) in the calculated fluxes are the determination
of disintegration rates and the calculation of reaction rates (ASAT/NO).
For example, the iron monitors effectively measured the capsule flux for
the last three years of operation, and the copper monitors effectively
measured the capsule flux for the entire exposure period.

Averaging the results obtained from the iron and copper neutron
dosimeters (the Co-58 in the nickel dosimeters could not be detected be-
cause of the long decay period), the fast neutron flux at the surveillance
basket location during full power operation would be 3.69 x 108 n/emé/sec,
E > 1 MeV, and the peak value incident on the pressure vessel I.D. would be
4,89 x 108, Since Quad Cities 2 operated for 5.63 effective full power
years (EFPY) up to the September 1981 refueling outage, the calculated
basket and vessel fluences to that time are as follows:

e Surveillance Basket - 6.56 x 1016 n/cm?
. Pressure Vessel 1.0. Surface - 8.68 x 1016 n/cm?
. Pressure Vessel 1/4T - 6.13 x 1016 n/cm2
. Pressure Vessel 3/4T - 1.38 x 1016 n/cm?

The vessel wall fluence as a function of plant operation is shown in
Figure 3.

Ge Mechanical Property Tests

Hardness tests were run in accordance with ASTM Method E 18 [15] on
one Charpy V-notch specimen selected from each material group, The re-
sults are given in Table IV.

The irradiated Charpy V-notch specimens were tested on a calibrated*
240-ft-1b, 16-ft/sec SATEC impact machine (Model SI-1K) in accordance with
SwRI Procedure XI-MS-104-1, The test temperatures, selected to develop
the ductile-brittle transition and upper shelf regions, were obtained
using a liquid conditioning bath monitored with a Fluke Model 2168A

* Inspected and calibrated using specimens and procedures obtained from
the Army Materials and Mechanics Research Center.

15
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TABLE IV

HARDNESS PROPERTIES OF SURVEILLANCE MATERIALS
QUAD CITIES 2

(Fluence = 6.6 x 1016, E > 1 MeV)

Charpy
Test Speczmsn
Material No,(a Hardness (HRB)

—————

Base T4D 92.0
92.0

91.0

Average = 97,7

ESW TBP 88.0
90.0

90.0

Average = 89.3

ESHAZ TML 90.0
91.0

91.0

Average = 90,7

(a) Specimen identification code given in Reference 10.

17
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digital thermometer. The Charpy V-notch impact data obtained on the ir-
radiated materials are presented in Table V, and photographs of the frac-
ture faces are included in Appendix B. The Charpy V-notch transition
curves for the irradiated plate material, weld metal, and HAZ material
contained in the 215° capsules are compared to the unirradiated values

in Figures 4 through 6. The shifts in the 50 ft-1b, 30 ft-1b, and 35-mil
lateral expansion transition temperatures were small, see Table VI. The
Charpy upper shelf energy behavior, also shown in Table VI, was not en-
tirely consistent with the transition temperature changes. For example,
an increase in the upper shelf energy of the base metal and the HAZ mat-
erial may result from data scatter rather than a real change in the prop-
erty of the material, However, the small changes which were measured are
consistent with the level of fluence received by capsule basket No. 18,

Tensile tests were carried out on the irradiated materials in ac-
cordance with SwRI Procedure XI-MS-103-1 using a 22-kip capacity MTS
Model 810 tester equipped with an Instron Catalog No. G-51-13A 2-in.
strain gage extensometer and Hewlett Packard Model 70048 X-Y auto-
graphic recording equipment, Tensile tests were run at room tempera-
ture and 550°F, The results are presented in Table VII, Each tensile
load-strain record and photographs of the tested specimens are included
in Appendix B.

D. Check Chemical Analyses

Check chemical analyses were run on samples cut from the fracture
end of selected tested Charpy specimens., All of the weld metal speci-
mens were tested for copper and nickel content at SwRI using an X-ray
fluorescent technique. Two each base plate and weld specimens were
then sent to Westinghouse Advanced Reactors Division Analytical Labo-
ratory for complete analyses using gravimetric (Si), combustion (C and
§), and ICP Plasma (remainder of elements) methods of analyses. The re-
sults are summarized in Table VIII. The differences in the copper and
nicke]l results can be attributed to at least three factors:






TABLE V

CHARPY V-NOTCH IMPACT DATA ON SURVEILLANCE
SPECIMENS REMOVED FROM QUAD CITIES UNIT 2

(Fluence = 6.6 x 1016, E > 1 Mev)

Test Impact Lateral
Speczmyn Temperature Energy Expansion Shear
Material No. (2 (°F) (ft-1b) (mil) (3
Base T20 =50 9.0 9 2
T27 -25 22.5 20 5
T2E 0 42.0 34 10
T3P 40 74.0 59 20
T4D 75 117.5 79 75
T3M 120 139.0 94 100
T37 160 150.5 80 100
T28 210 145.5 95 100
ESHAZ TLS -50 16.5 17 5
TLK -25 40.0 37 10
TJ2 0 72.5 57 15
TIU 40 4.0 38 15
L 75 76.5 66 45
TL7 120 145.5 88 100
™1 160 149.5 97 100
TMA 210 153.0 78 100
ESW TAE -25 10.5 1 2
TAT 0 31.5 27 5
TAP 20 33.0 29 10
T72 40 74,0 60 20
TBP 75 52.0 50 25
TBM 120 86.0 65 90
T81 160 103.0 86 100
T6K 210 78.0 63 100

(a) Specimen identification code given in Reference 10.
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EFFECT OF IRRADIATION ON THE CHARPY V-NOTCH PROPERTIES OF
THE QUAD CITIES UNIT 2 VESSEL SURVEILLANCE MATERIALS
BASKET NO. 18 (215°)

(Fluence = 6.6 x 10'6, £ > 1 MeV)

(1) Base ESW Weld ESW HAZ
e Criterion Plate Metal Material
Transition Temperature Sh1ft(2)
8 50 ft-1b -6°F 20°F 27°F
@ 30 ft-1b -2°F 43°F 9°F
@ 35 mil nil -10°F 45°F
aRTypy () (4) 43°F 9°F
Cy, Upper Shelf Drop -9 ft-1b 34 ft-1b -29 ft-1b
(=7%) (27%) (-24%)

51) Refer to Figures 4-6
2) C, parameter determined by hyperbolic tangent fit where:

C, parameter = A + B tanh((T - T1)/T2)

23) Transition temperature shift 0 30 ft-1b[1]
4) Apparent ~egative shift in RTnor

24



SURVEILLANCE MATERIALS
215°), QUAD CITIES 2

x 1016, ¢ 1 MeV)

Fracture Fracture Uniform Total
Load S Elongation Elongation

(1b) (ksi) (%) (%)

| '

Z0bbY

en identification code given in Reference 10.




TABLE VIII

CHECK CHEMICAL ANALYSIS RESULTS

BASKET NO.18, QUAD CITIES 2

Spec imen Weiaght Percent of Element
Identification(2)  Source(b) C 5 p Si Cu Ni Cr Mo v
T27 W .265 .019 .008 .199 .072 .494 .127 .469 .009
S A2 .60
T2D W .287 .019 .008 .233 .078 .525 .132 .488 .008
S 10 .45
TAE W 209 .017 .008 .115 .129 .313 .079 .503 .008
S 14 .32
TAT W .216 .018 .008 126 122 .359 .091 .522 .009
S .16 e
TBP S . - “ - 6 .34 ’ . -
TB1 S - - - - i 37 - - -
T6K S - - - - A7 .39 - - -
TBM S - - - - A7 o - - -
172 S - - - - .20 .41 - - -
TAP S - - = - g2 .3 - - g
(a) Cut from tested Cy specimen, see Table V for material I.D.
(b) W = Westinghouse Atomic Power Division; S = Southwest Research Institute.
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