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I. SUMM&RY OF RESULTS AND CONCLUSIONS

.

- The analyses of the reactor vessel material surveillance program.

capsulés (coded "S") removed from the Florida Power and Light Company

(FPL) Turkey Point Units 3 and 4 nuclear reactor vesséls during the

1977-1978 refuelling .outages led to the following conclusions.

‘;(l) . The intermediate and lower shell forging materials utilized
in the‘reactor pressurekvessels of Units 3 and 4 exhibited a low sensi-
'tivity to radiation embrittlement. The shelf energy reductions and the
transition temperature shifts were equal to or below those predicted‘by
the minimum response curves given in Regulatory Guide 1.99.

(2). Based on ‘the surveillance program results to date and trend

curves for low-copper materials, the irradiated properties of the inter-

‘mediate’ and lower shell forginglmaterials utilized in the pressure vessels’

for Units 3 and'4;will Be‘adequate to meet the. current requirements of
lOCER?b, Appendin G, through the 40-year design 1ifetime. »

(3) Capsule S from Unit No.’ 3 received a fast neutron rluence of
l.bl X 1019-cm"2, E ; 1 MeV. Based on a calculated lead factor of lz76,

the peak fast neutron exposure of the Unit No. 3 reactorpvessel is pro-

jected to ‘be 2. 3 x 1019 em~2 after 10 Effective Full Power Years (EFPY)

of operation. The peak end-of-1ife (32 EFPY) fast neutron fluence is

predicted to be 7 4 x 1019 em 2, in good agreement with the value of

‘6.65 x 10,19 cm—2 projected earlier from the analysis of Capsule T.

. (4) Capsule S from Unit No. 4 received a fast neutron fluence of

1.25 x_lOlg cm‘2; E > 1 MeV. Based on a calculated lead factor of 1.76,

the peak fast neutron eiposure of the Unit No. 4 reactor vessel is,




projected to be 2.1 x 1019 cm~2 after 16 EFPY of operation. The peak end-
6f—11fe fluence (32 _EFPY) fast neutron fiﬁence is predicted to be 6.7 x
1019 cm‘z, in.excellent agreemehtvwith‘the value of 6.62 x 1019 cm—2 pro-
jectgd.earlier from the analysis of Capsule T.

(5) Capsule V from each reactor vessel should be removed and,tesFed
after approximately 10 calendar years (~ 7 EFPY). of operation. The data ob-

tained should provide the information needed to revise the heatup and cool-

down limitations for operation beyond 10 EFPY.




II. BACKGROUND

The.aliowable loadings on nuclear -pressure vessels are determined by
applying the rules in Appendix G, "Fracture Toughness Requirements," of
lOCFRSO.(l)* In the case of pressure-retaining copponentS'made of ferritic
materials, the allowable loadings depend on the reference stress intensity
factor (Kyg) curve indexed to the reference nil ductility temperature (RTypT)
presented in Appendix G, "Protection Against Non-ductile Failure," of Section
IIT of the ASME Code. (2) Further, - the materials in the teltline region of
the reactor vessel muet be monitored for radiation-induced changes in:RTNDT
per tﬁe requiremente of Appendix H, "Reactor Vessel Material Surveillance
Program Requirements," of lQCFRSb.

The RTypT is(defined in paragraph NB-2331 of Section III of the ASME
Code as the highest of the following temperatures:

. Drop-weight Nil Ductility Temperature (DW~NDT) per

ASTM E 208;(3)

. 60 deg f below the 50 f£t-1b Charpy V-notch (Cv) temperature;’

. 60 deg F below the 35 mil C, teéperature.

The RTNDT 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 beundary.

It is well established that ferritic materials undergo an increase in
strength and hardness and a decrease in ductility ané toughness when exposed
to neutton fluences in excess of 1017pneutrons per cm? (E>1 MeV).(4) Also,
it has been established that tramp elements,'partieplarly copper and phospho-

rous, affect the radiation embrittlement response of ferritic materials.<5"7)

2
Vg

* Superscript numbers refer to references at the end of the text.
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There is some disagreement concerning the relationship between increase in
‘RTNDT and copper content. For example, Regulatory Guide 1.99(7) proposes
an adjustment to RTypp proportional to.the square root of the neutron flu-
ence. Westinghouse Electric Corporation, in their comments on Regulatory
‘Guide 1.99(8), feels that the proposed relationship overestimates the shift
at high fluencés (above 1019) and underestimates the shift at low fluences‘
(below 101%). On the other hand, Combustion Engineering, in tﬁeir comments
on Regulatory Guide 1.99(9>, suggests that the proposed relationship is
overly conservative at fluences below 1019 neutrons per cm2 (E > 1 MeV).
There is also disagreement concerning the prediction of Cy upper shelf
response to exposure to neutron irradiation.(7“91 It‘is‘important to re-

, solve these questions because the analysis of reactor- vessel material sur-
veillance program data requires that estimations be made of shifts in RIypr
and C,, upper shelf energy at fluences other than that receivéd by the sur-
veillance capsule.

In general, the only ferriiic p}essure boundary materials in a nu-
clear plant which are expected to receive a fluence sufficient to affect
RTypr are those materials which’are located in the core beltline region of}
the reactor pressure vessel. Therefore, reactor vessel material surveil-
lance programs include specimens machined from the plate or forging, weld
metal, and heaé affected zone (HAZ) materials which are located in such a
region of high neutron flux density. ASTM E 185(10) gescribes the current
recoﬁmended practice for monitoring and evaluating the radiation-indqced
changes occurring in the mechanical properties of pressure véssel‘beltline

- materials.




. . ‘ Westinghouse has provided such .a surveillance program for the two-unit
Turkey Point nuclear power plaht. The encapsulated Cy specimeps are attached
to the 0.D. surface of each, thermal shield where the fast neutrop flux density
is approximately twice that at the adjacent‘vessel wall surface: Therefore,
s ., the increases (shifts) in transition temperatures.of the materials in the
pressure vessel are generally less than the‘corresponding shifts observed

in the surveillance specimens. " However,- because of .azimuthal variations

in neutron flux density, some capsule fluences may be less:than the maxi-
mum vessel fluence in a corresponding eaposure period. For example, the
first capsules removed fromvTurkey‘Point Units 3 -and. 4 were reported to
:lead the maximum exposure point on the ‘'vessel I.D. by a factor of 2.48

while other capsules scheduled '‘to be removed -later are ‘calculated to re-

ceive less than half of the fluence accumulated rat the point of maximum
veseel exposure. Thefcapaules alse contain several. dosimeter materials
for experimentally determining the average neutron flua density 'at each
capsule location during ‘the. exposure period.

The Turkey Point. Units 3 and ‘4 material surveillance capsules also
include tensile specimens as.recommended by ASTM E 185.. .At the'present
time, irradiated tensile properties are- used to indicate that the materi-
als tested continue to meet the requirements of the appropriate material

specification and to assist in 5udging‘the credibility of the Cy, data.

', ' ~ 'In addition, the material surveillance capsules contain wedge opening

3

loading (WOL) fracture mechanics specimens. Current technology limits

£/

the testing of these specimens at temperatures well below the  minimum

service temperature to obtain.valid fracture mechanics data per ASTM E

399(11), ""Standard Method of Test .for Plane-Strain Fracture Toughness of
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Metallic Materials." However, €ecent work reported by Mager and wice (12)
and Loss (13) may lead to methods for evaluating high*tquhnéss materials
with small fracture mechanics specimens. Currently, the NRC suggests stor-
ing these specimens until an acceptable'testing'procedure«haglbeen defined.

Capsule T was removed from Turkey Point Unit No. 3 during the 1974
refuelling outage, and the'resu}gs have been repofted;(14) The weld metal
was found to be more sensitive to neutron radiation embrittlement than the
forging or HAZ material contained in the capsule, and it was concluded that
the weld metal is the most limiting beltline material 'in‘the Unit No. 3
vessel. Capsule T was removed from Turkey 'Point Unit No. 4 during the 1975
refuelling outage, and those results have also been reportedu(15) The re-
sults indicated that the vessel beltline weld metal was more sensitive to
radiation embrittlement than the lower' shell forging and HAi materials in-
cluded in the capsule.

This report describes the results: obtained from testing the coytents
of Capsule S removed from Unit No. 3 and Capsule S removed from Unit No. 4.
These data are analyzed.to estimate the radiation-induced changes in thé
_ mechanical properties of fhe respective pressure vessel forging materials

at the time of the 1977-78 refuelling outage as well as predicting the

changes expected to occur at selected times in the future operat}qn of the- '

Turkey Point nuclear power plant.




III. DESCRIPTION OF MATERIAL SURVEILLANCE PROGRAM

A. Introduction

The Turkey Point Units 3 and 4 material surveillance programs are
described in detail in WCAP 7656€16) and WCéP 7660(17), respectively.
Eight materials surveillance capsules (five Type I arnd three Type II)
were placed in each reactor vessel between the thermal shield aqd the:
vessel wall prioF‘to startup, see Figure 1. Thé veftical‘centef of each
capsule is oppositg the verticallcentef of the core. ‘' The réporhéd ratios
of neutron flux density at the capsule location. to :the maximum.-flux den-—
sity on the vessel I.D. are given by the factors in pafentheses follow-
ing the capsule identificétion ietter in Figure 1. The Type I capsules
each contain Charpy V-notch, tensile, and WOL specimens'qachinedAfrom the
two vessel forgings located at the core beltline plus Charpy V-notch spec-
imens machined from one of two reference heats of ferritic steel utilized
in the Westinghouse surveillance programs. The Type“II-capsules,influde
specimens machined from weld metal and HAZ .material which were iptended
to be representative of those materials in-the core beltline region of

each vessel as well as one heat of forging material and the reference

steels.
All test specimens were. machined from the materials at the quarter-
thickness (1/4T). location.(16517) The base metal tensile and Cy specimens

were oriented with their long axis parallel to the principal working di-~

LS rection; the C,, notches were perpendicular to the major forging surfaces.
The WOL specimens were méchined with the simulated crack perpendicular to

the principal working direction and to the forging surfaces. All mechanical




T (2.48)

S(l.61)
Vv (0. 79)

U (0.49)
W (0.34)
X (0. 34)

Reactor Vessel
Thermal Shield

Core Bar;ela

Note: Numbers in parentheses indicate lead factors for the vessel L D.

FIGURE 1. ARRANGEMENT OF SURVEILLANCE CAPSULES IN THE TURKEY POINT UNITS
3 and 4 PRESSURE VESSELS
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test specimens, see Figure 2, were taken at least one plate thickness from
the quenched edges of the forging material.

Capsule S (a Type I capsule) was removed from each of the Turkey
Point nuclear reactor vessels during the 1977-1978 refuelling outages.
The arrangement of specimens within these capsules is shown in Figure 3.
Additional details concerning the contents of the capsules from each unit
are discussed below.

B. Surveillance Capsule Materials - Unit. No. 3, Capsule S

Babcock and Wilcox;Company supplied prolongations from two 7-7/8-in.
thick forged rings (Heat 123P461VA-1 and 1235266VA-1 produced by Bethlehem
Steel Company) of SA 508, Class 2 steel'used for the FPL Unit No. 3 reac-
tor pressure vessel inéermediate and lower. shell course, respectively, and
a weldment which joined sections of the 'two forgings.” Correlation monitor
material, supplied by U.S. Steel Corporation through Subcbmmittee,II of
ASTM Committee E 10, was obtained from a 6—in.%tﬂick A 302 Ggade B plate
which was melted using fine-grain practice and a transverse-to-longitudinal
rolling ratio of one to one. The chemistries and heat treatments of the
vessel surveillance materials contained in Capsule S from Unit No. 3 are
summarized in Table I. ‘

The capsule contained 28 Charpy V-notch specimens (10 from each of the
two vessel forging materials plus 8 from the reference steel plate); 4 ten-
sile specimens (2 from each forging material); and 6 WOL specimens (3 from
each forging heat). The specimen numbering system and-location within Cap-
sule S for Unit No. 3 is shown in Tab{e'II.

The capsule also was reported to contain the following dosimeters for

determining the neutron flux density:(16)




009
’ , ”rﬁii% .
T O
i . 316 1063
Sia ios3 L32s.
. 21108
- (a) ‘Charpy V-notch Impact Specimen !
! i " L.005
598 Goge lfnglh
256 | 233|258 198
. 246 245 ‘m
15
P T 17
. * H B H
'.zs:;n 1.498 L.I_S_BT
B : 19
) X 380
‘ L ags 1250 T 148
4.210 = 630 790
. X - 786
) A A
A
: [ ¥ 1 WX

»
\ . L3958 )
35% SECTION A=A
3718,
377

(b) Tensile Specimen

.48 -
ar—3

Y ' . R
) 1130

. - 375 0. - ~ :
’ . 380 129 o | Loos (&)
. " ‘——745 .998
- : ) i [T - ‘ .

fo o= = oo = ned

i
2 —-9-5-"_005 Eu RINY A
N Ml i R

0ae3 . ’ A
: !/ \.oos a S0

001 499

N

olojolo
N

-

(¢) Wedge Opening Loading Specimen

FIGURE 2. VESSEL MATERIAL SURVEILLANCE SPECIMENS,

10




=g Fen3ThO e

B NS AT
I R NEES 5, beEg

SNL OF WATROA . by
Sg & kowenad 04 L1 B4
" l ' el cacem | e Sty :‘.- sisls
TOB 308 PORY AAVG .. - . 1
l-l_-'l | {3 ISATE2 Mo Y WANGTR N ]
[ 13760 @ro v o jayva o] \
r"‘ DO TOM TIO PG I []
) b Cranvy X ]
- R IETRUSTURE At K21 B 114 ¥
TSP kY
M3macen Iy
’ XU a. L3 X GT 4
o R Lrarnn
t]3racin
L " L
Hoaeta i
"l = Ot Pl 5 2YT il
STCHPLC ¢ Y 4]
3 ALt
ITR: T axnon BT (3
_‘q\ SOy g 2 Ty, o]
b3 [157.. 873 L A e A Wit v
a T T VS LA (I 2 T Y [
K SO SPCOAN w0 3
WA S0 C o CAOMIUM
OO R AL [
VCREL SRt wmAln - lvCnie
IVE Yulinide 2y viven
] ST ¥ Twleans, 1a0M1T0%] | 3 O TR Py
L) (Y
] 1
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FPL TURKEY POINT UNIT NO. 3 REACTOR VESSEL SURVEILLANCE MATERIALS

Intermediate and
Lower Shell Forgings

Weldment

Correlation Monitor

Element

TABLE 1

Heat Treatment History

1550 F
1210 F
1125 F

1125 F

1650 F
1200 F

(14,16)

13 hours - water—quenched

18 hours - air-cooled

10-1/2 hours - furnace-cooled to 600 F

10-1/4 hours - furnace-cooled to 600 F

c

4 hours - water-—quenched to 300 F
6 hours - furnace-cooled

Chemical Composition (wt=-%)

Lowex
Shell

1235266VA-1

0.19/0.21
0.61/0.62
0.010
0.008 .
0.20/0.19
0.68/0.66
0.38

0.02
0.58/0.59
0.015/0.016
0.079
0.008
0.001
0.005
0.003
0.001*
0.001*
0.005%
0.003%
0.001%

Intermediate
Shell
123P461VA=-1

0.20
0.64/0.64
0.010

0.010

0.26

0.70
0.40/0.39
0.02

0.62
0.011/0.010
0.058

0.010
0.001

0.005

0.003
0.001%
0.001%
0.005%
0.003*
0.001*

Correlation

. ~ Monitor.

0:24
1.34
0.011
0.023
0.23
0018
0.11

0.51
0.20

* Not detected. The number indicates the minimum limit of detection.
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TABLE I1

SPECIMEN IDENTIFICATION AND LOCATION IN
TURKEY POINT VESSEL MATERIAL SURVEILLANCE CAPSULES(16,17)

&~ ‘ Specimen Capsule
” . Type S
Charpy V o ' 89, S10
e P9, P10
]
Tensile ‘ Pl, P2
Specimen Code - Unit 3
WOL P3 S - Forging 123S266VA-1
WOL P2 P - Forging 123P461VA-1
. ‘ R - ASTM Correlation Monitors
Charpy V S;, Sg
v , P7, P
WOL P} Specimen Code — Unit 4
R V WOL . 83 S - Forging 122S180VA-1
' P - Forging 123P481VA-1
Charpy V 3 R7, R8 R - ASTM Correlation Monitors
- 5 'R5, R6
)
Charpy V © R3, Rlz;
R1l, R
Specimen Orientation
WOL S2
T e
WOL S1
Charpy V . 85, S6 ‘ slls
P5, P6 . P P |
Tensile ' s1, S2 :
o " Charpy V s3, S4 Lo e
g
o P3, P4
D
an Charpy V 2 51, Sg
’ PL, P
LY
13




Target Element . Form Quantity

Copper . Bare wire 2
Nickel ¥ Bare wire 1
Cobalt (in aluminum) Bare wire 3
Cobalt (in aluminum) Cd shielded wire 3

In addition, slices were taken from ten C, specimens to serve as iron’

dosimeters. ' | . .
Three eutectic a;loy thermal monitors had been inserted in holes in

" the steel spacers in the capsule. Two (located top and bottom) were 2.5%

Ag and 97.5% Pb with a melting point of 579.F. The 'third -(located at the

cneter of the capsule) waSv1.75%‘Ag; 0.75%. Sn, and 97.5% Pb having a melt-

ing point of 590 F.

C. Sﬁrveillence Capsule Materials - Unit No. 4,' Capsule S
Babcock and Wilcox Company supplied prolongations - from.two 2—7/8‘in.
thick forged rings (Heat 123P481VA-1 and 122S180VA-1 produeed by ‘Bethlehem

Steel Company) of SA 508, Class 2 steel:used for the FPL Unit ‘No. '4 reactor

¢

pressure vessel intermediate and lower, shell course, respectively,.and a
weldment which joined sections of the two forgings. Correlation-monitor
material was supplied by the Oak‘Ridge National Laboratory from plate ma-
terial used in the AEC-sponsored Heavy..Section Steel Technology (HSST)
Progrem.’ Thismﬁaterial was obtained from-a Lukens Steel Company 12-in.
thick A533 Grade B, Class 1 plate (HSST Plate 021 which has been provided
to Subcommittee II ef ASTM Committee E10 on Radieisdtopes-and Radiation
ﬁffects to serve as correlation monitor material in'reacEQr vessel sur-
veillance programs. The chemistries and heat treatments.of the yessel‘ -
surveillance materials cqgtaiped in Capsule S from Unit No. 4 are sum~

marized in Table III.

14-




TABLE III

FPL TURKEY POINT UNIT NO. 4 REACTOR VESSEL' SURVEILLANCE MATERIALS(17)

»

e : Heat Treatment History
. 1550 F ~ 10-1/4 hours - water—quenched
<° %EZ:E iggéiSOVA-l) 1210 F - 18 hours - air-cooled .
1125 F - 10-1/2. hours - furnace-~cooled to 600 F

4 hours -~ air-cooled

1675 = 25 F -

1600 + 25 F - &4 hours - water—quenched
Correlation Monitor . 1225 # 25'F - .4 'hours - furnace-cooled

1150 # 25 F ~ 40 hours - ‘furnace=cooled to 600 F

Chemical Composition (wt—%)

Lower Intermediate :
' Shell . Shell ' Correlation
Element. ' - 1228180VA~1 123P481VA-1 Monitor
o] 0.21 0.22 - ) 0.22
Mn 0.67 ° : 0.67. : 1.48
e P 0.011 - 0.010 0.012
S - 0.009 0.009 0.018
Si 0.23 0.20 0.25
- Ni 0.70 0.71 0.68
Cr 0.31 0.33 -
v - 0,001 0.002° -
Mo * 0.56 0.56 ’ 0.52
Co 0.015 0.017 T -
Cu - 0.056 0.054 0.14
Sn - 0.008 0.008 . -
Zn 0.001%* 0.001% -
Al © 0.008 . 0.008 -
No 0.002 ( 0.001 - -
Ti | 0.001* ' 0.001% -
~Pb 0.001% 0.001* -
As ‘ 0.005 0.004 -
. B 0.003% 0.003%* -
. e Zr 0.004 ) 0.005 -
. : W 0.001* 0.001% -
L Nb 0.001 0.002 ‘ -

- Ta 0.002 0.003 -

* Not detected., The number indicates the minimum limit of detection.

15




?

The capsule contained 28 Charpy V-notch spécimens (10 from each of the
two vessel forging materials §1u3‘8 from the reference steel plate); 4 ten-
sile specimens (2 from each forging méterial); and 6 WOL specimens (3 from
‘each forging heat).- The specimen\numbering‘system'aﬁd location within Cap-
sule § for Unit No. 4 ié given in Table II. l{ ’ ..

The neutron flux wires aﬁa thermal .monitors contained in the capsule
were reported to be the same type and-location és thosehcontained in Cap-
sule S from Unit No. 3.{17) 1n addition, slices were taken from six Cy

specimens to serve as iron dosimeters.

16
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IV. TESTING OF SURVEILLANCE SPECIMENS

A. Introduction

The capsule shipment, capsule opening, specimen testing, and report—

ing of results were carried out under Quality Assurance Plans prebared by

| Company (FP&L). These plans are on file .at SwRI. Applicable SwRI Nuclear

Project Operating Procedures which were. called out.in’the Turkey Point Unit

No. 3 preject plan include: }
. XI-MS-1, "Determination of Specific Activity of Neutron
. Radiation Detector Specimen"
. XI-MS-3, "Conducting Tension Tests on Metallic' Materials"
. XI-MS-4, "Charpy Impact Tests on Metallic Materials"
. XIII-MS-1, "Opening Radiation Surveillance Capsules and

Handling and Storing Specimens"

. XIII-MS-102, "Shipment of Westinghouse PWR Vessel Material
Surveillance Capsule"

Theﬁapplicable SwRI Nuclear Project Operating Procedures which were called

out in the Turkey Point ﬁnit No. 4 project plan include:

. XI-MS-101, "Determination of Specific Activity and Analysis
of Neutron Radiation:Detector Specimen"

. XI-MS-103, "Conducting Tension Tests on MetallicAénecimens"

. XI-MS-104, "Conducting Impact Tests on Metallic Specimens“

. XIII-MS-103, "Opening Radiation Surveillance Capsules and .

Handling and Storing Specimens"

. XIII-MS-104, "Shipment‘of Westinghouse PWR Vessel Material
Surveillance Capsule Using '‘SwRI Cask and Equipment' -

Copies of the above documents -are on file at SwRI.

17
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B. Opening of Surveillance Specimen Capsules and.Recovery of Specimens

The capsule shell had been fabricated by making two long seam welds
to join two half-shells together; The cabsule ends were sawed off, then
the long seam welds were mil}ed away using a vertical milling machine.
The top half of the capsule shell was removed, and the specim;ns and
spacer blocks were carefully.retriéved and placed in an indexed recep-
tacle so that capsule loéacion was identifiableh

After the disasseﬁbly“had been completed, the specimens were care-~
fully checked for identification and location as listed in ﬁCAP 7656(16)
.and WCAP 7660.(17)  xo discrepancies were found. The thermal monitors
and dosimeter wires wgré removed from holes in the spacer blocks and
§1aced in indexed receptacles;

C. Neutron Dosimetry

The specific activities of the dosimeters were determined.with an

NDC 2200 multichannel analyzer and an NaI(Th) 3 in. x 3 in. scintillation

crystal. The calibration of the equipment was accomplished'with appropri-
ate standards and an Interlaboratory. cross check with two independent count-
ing laboratories on 60Co-, 54Mn- and 5SCo—containing dosimeter wires. All

activities were corrected to‘the time~of-removal (TOR) - at reactor shutdown.

Infinitely dilute saturated activities‘(AsAT)‘ﬁére calculated for each of

the dosimeters Because Agpar 1s directly related to the integral of the

energy-dependent microscOpic activation cross section and‘the neutron flux

density. The relationship between Apgr and Agpp is given by:

ATOR m=n ~ATm. . Atp

= I (1-ce Y(e M) . (1)

AgaT m=1
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where: A = decay constant for the activation product, day‘l;

Tn = equivalent operating days at 2200 MW, for
operating period m;

tm = decay time after operating period m, days.
The primary result desired from the dosimeter analysis is the total
fast neutron fluence (> 1 MeV) which the surveillance specimens received.

The average'flux density at full power is given by:

i
s = Nsar (2)
where: ¢ = energy—-dependent neutron flux density, cm?2°sec'1;
AiSAT =  saturated activity of the ith activation product

at full power, dps/target nculeus;

g4 = spectrum—-averaged cross section for the ith tar-
get nucleus, cm?.

The neutron flux energy and spatial distribution were caiculated for
the Turkey Point pressure vessels with the DOT 3.5 two-dimensional discrete
ordinates transport code, a 22-group neutron cross section library, a Pj
expansion of the scattering matrix and an Sg order of angular quadrature.
Using a one-eighth segment as being representative‘because of the sjmmetry
involved, the coré, core barrel;‘thermal shield; speqimen capsules, and
pressure vessel were described in R-6 coordinates for this compﬁtation,
see Figure 4.

The calculations which produced the lead factors given ;n Figure 1
 were based on the core power distriﬁution given in the Turkey Point Units
3 and 4 FSAR. The DOT 3.5 caiculations'made 1ﬁ support of the Capsule S
analyses, utilizing core power distributions based on plant records sup-

plied by FPL, indicated that the Capshle S lead factors were highef than
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FIGURE 4. LOCATION OF CAPSULE S WITHIN ONE-EIGHTH SEGMENT USED AS MODEL FOR DISCRETE ORDINATE
TRANSPORT CALCULATIONS




originally calculated. This is primarily caused by a reduction in the maxi-

‘mum calculated flux incident on the reactor vessel, resulting from the al-

, ¥
tered core power distribution, as shown below:

Source of Core Calculated Flux, cnrz'sec'l, E > 1 Mev Lead
Power Distribution Capsule S Vessel Maximum ~ Factor

FSAR, Units 3 and 4 1.13 x 1011 7.13
Plant Records, Unit 3 . 1.16 x 1011 5.45 x 1010
Plant Records, Unit 4 1.18 x 1011 5.58

N
Oy

An additional contributibnrto the diffefen9e in these lead factors is
the flux perturﬁation caused by ﬁhe presence of a surveillance capsule. In
the calculation based on the FSAR “power distributiqn;"the modgi did not in-
clude iron in the capsule position. Hoﬁéver; ih the calculation based on
Athe'actual core power distribution, the model did in;1ude iron in the cap-
'sule'position. An analysis of the latter results indicates that the Cap-
sule S lead factor is increased by 10% when the ﬁodel incluées iron in the
capéulewposition. Therefore, ghé lead faétor based on the FSAR power dis-
tribution should be;1.76 instead of 1.6. The extrapolation of capsule
fluxes to the vessel wall described in Section VII of thi; report utilizes
the perturbation-corrected lead facgor'of 1.76 since it is more conserva-
tive than the 2.1 f;ctor. Aiso, the maximum vessel flux might be altered
bf éuture cor; loading schemes.

The spectrum-averaged cross sections needed for Eéuation 2 were cal-

culated for the iron and copper reaction dosimeters as follows:

12.5 MeV _
I o. (E)$(E)dE
5 1 Mey) = Ok D .
Ocs e¥) = 12,5 Mev y (3)
L ¢(E)dE
T, 1.00
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D. Mechanical Property Tests

The irradiated Charpy V-notch 'specimens weré tested on an instru-
mented SATEC impact machine. The test temperatures were selected to de-

velop the ductile-brittle transition and upper shelf regions for each

material. TImpact energy and lateral expansion transition curves were

developed for each material using a tanh curve fitting program based on

the following equation:

Cy parameter = A + B tanh [T-'T

1
T2]

where A, B, Ty, and Ty areladjustable constants defined by employing a
nonlinear least squares fitting routine. In this relationship, the tanh
function varies from -1 at the low temperature extreme to +1 at the upper
temperature extreme. Therefore, A ~' B is equal to the lower shelf param-
eter and A + B is equal to the uéper shelf parameter.

Tensile tests were carr}ed out' in a Dillon 10,000~1b capacity tester
equipped with ‘a strain gage egteneometer: load cell, and autographic record-
ing eqdipment. The tensile éﬁetiﬁens were'tested at 250 ¥ and 550 F.

Testing of the WOL specimens was deferred at the request of Florida

. Power & Light Company. The specimens aré in storage at tﬁe SwRI radiation

laboratory.

E. Check Chemical Analyses for:Copper

Three tested Charpy specimeﬁé,'representing the two forging heats
and the correlation monitor material, were analyzed for copper content in

accordance with ASTM Method E 322.
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V. CAPSULE S TEST RESULTS -~ TURKEY POINT UNIT NO. 3

A. Neutron Dosimetry

]

Two discrepancies were noted when the gamma activities of the dosim-
eter wires were measured. The 60¢o activipy’of the cadmium-covered wire
from the middle position was over four’ordéts of magnitude below those of
the top and bottom cadmiuﬁ-covered dosimeters. Also, the nickel dosimeter
did not exhibit a 5’800 peak. Using an energy dispersive x-ray diffraction’
technique, the middle nickel wire from the Unit No. 3 capsule was identi-
fied as being a Co-Al material, and the middle cadmium-covered.wire from
the Unit No. 3 capsule was identified as being a copper-base material.

The specific activities obtained from the remaining dosimeters in
Capsule S are presented in Table IV. Two items are of interest: (1) the
weights of the two dosimeters in question support the qualitative analyses
described above; (2) the iron dosimetry results indicate a 20% decrease in
neutron flux across the capsule in the radial direction, and that the cap-
sule had been inserted in the vessel 180° out of phase. The saturated
activities of theldosimeters, also given in Table IV, were based on the
summary of plant operationé given in Table V.

The neutron spectrum calculated for the Capsule S location is pre-
sented in Table VI along with the spectrum-averaged cross sections computed -
for the iron and copper dosimeters. The mean value of fast neutron flux
density of the Capsule S location determined from the ten iron and two
;opper flux monitors was 1.29 x 1011 cm‘2°sec“1, E > 1 MeV. Since Unit
No. 3 operated for an equivalent 1266.97 full power days up to the 1977-78

refuelling outage, the resulting value of neutron fluence for Capsule S is

1.41 x 1019 em~2, E > 1 MeV.




%t

-

TABLE IV

SUMMARY OF NEUTRON DOSIMETRY RESULTS

CAPSULE S
TURKEY POINT UNIT NO. 3

. Radial )

Monitor Locatio? Activation Dosimeter Measured Activity  Saturated Activity
Identificgpion(a) in Capsule 14) Reaction Weight (mg) (dps/mg) (dps/mg)
Fe-~S9 (Top) Vessel Side 54Fe(n,p)54Mn " 54.5 7.21 x 103 9.24 x 193
Fe-S7 (Top-Middle) “ 70.8 6.36 x 103 8.15 x 103
Fe-R§ (Middle) 45.6 5.78x 103 - 7.40 x 103
Fe-S5 (Bottom-Middle) 59.3. 6.63 x 103 8.49 x 103
Fe-S1 (Bottom) 62.3 6.44 x 103 8.26 x 103
Fe-P9 (Top) . -~ Core Side 220.9 5.60 x 103 7.18 x 103
Fe-P7 (Top-Middle) ) 261.5 5.46 % 103 7.00 x 103
Fe-R6 (Middle) 167.4 5.16 x 103 6.61 x 103
Fe-P5 (Bottom-Middle) . r .233.0 5.69 x 103 7.29 x 103
Fe-P1 (Bottom) [ - ‘ ) 270.8 5.29 x 103 6.77 x 10
Cu (Top) Center 63Cu(n,a)sOCo 51.4 2,25 x 102 6.53 x 102
Cu (Bottom) Y 53.0 2.24 x 102 6.53 x 10

Ni (Middle) 5841 (n,p) >8co 8.7 (b) (b)

Co (Top) 59¢o (n,v)60co 9.7 2.34 x 107 6.79 x 107
Co-Cd (Top) 9.4 1.11 x 10 3.23 x 10
Co (Middle) 9.5 2.07 x 10 6.02 x 10
Co-Cd (Middle) 30.7 (e) (e)

Co (Bottom) % 9.9 2.01 x 107 5.83 x 10/
Co-Cd (Bottom) ' 7.9 9.40 x 10 2.73 x 107

L W L O

(a) See Table II for location within capsule.
(b) Monitor material was. identified as being bare Co in Al.
(c) Monitor material was identified as being a Cu~base alloy (purity undetermined).




TABLE V

I

SUMMARY OF PLANT OPERATIONS
\ TURKEY POINT UNIT NO. 3
Oper. Dates Operating Shutdown Reactor Power Equivalent Decay Time
*  Period Start Stop Days . Days Qutput (Mwde) Oper. Days, Tm after Period, tm
1 11/2/72 11/4/72 2 - 14 ) 0.01 1846
11/4/72 11/5/72 - 1° -
2 11/5/72 11/13/72 8 - 3,500 1.59 1837
’ 11/13/72  11/18/72 - 5 -
R 3 11/18/72 11/21/72 3 - 577 0.26 1829
o 11/21/72  12/4/72 - 13 - .
4 12/4/72 12/9/72 5 - 3,035 1.38 1811
« 12/9/72 12/22/72 - 13 -
S 12/22/72  1/16/73 25 - 21,225 9.65 1773
1/16/73 1/23/73 - 7 - ‘
6 1/23/73 3/6/73 42 - 49,954 22,71 1724
3/6/73 3/13/73 - 7 -
7 3/13/73 4/6/73 24 - 30,845 14.02 1693
4/6/73 4/16/73 - 10 -
8 4/16/73 7127773 102 - 165,595 *75.27 1581
7727773 8/9/73 - 13 - . ‘
9 8/9/73 10/21/73 73 - 112,547 51.16 » 1495 ‘
. 10/21/73 10/29/73 - 8 - i
. 10 10/29/73  12/7/73 39 - 60,572 27.53 1448
12/7/73 12/21/73 - 14 -
11 12/21/73 12/27/73 6 - 9,122 4.15 1428 )
‘ 12/27/73  12/30/73 - 3 - ¢
12 12/30/73 3/19/74 79 - 129,361 58.80 : 1346 ‘
3/19/74 3/31/74 - 12 - ;
13 3/31/74 5/12/74 42 - 83,442 + 37.93 1292
, 5/12/74  5/13/74 - 1 - ) 1
T 14 5/13/74 6/8/174 26 - 53,782 24.45 1265 2
) 6/8/74 6/14/74 - 6 -
15 6/14/74 9/14/74 92 - 180,930 . 82,24 ' 1167
s ~ 9/14/74 9/23/74 - 9 -
16 9/23/74 10/5/74 12 - 20,104 9.14 1146
. 10/5/74 12/15/74 - 71 -
N 17 12/15/74  3/4/75 79 - 152,829 ' 69.47 996
. 3/4/75 3/9/75 - S -
. 18 | 3/9/15 7/16/175 129 - 270,408 122.91 862
‘ 7/16/75 7/20/75 .- 4 - ,
19 7/20/75 10/26/75 98 - 200,868 91.30 760
. 10/26/75 12/25/75 - 60 -
20 12/25/75  1/2/76 : 8 - 13,035 5.92 692
1/2/76 1/3/76 - 1 -
21 1/3/76 2/22/76 50 - 107,391 48.81 641
. .2/22/76 2/28/76 - 6 - ,
: » 22 2/28/76 3/7/76 8 - 16,907 7.68 627
. 3/7/76 3/12/76 - 5 . -
23 3/12/76 5/1/76 50 - 106,529 48.42 : 572
5/1/76 5/3/76 - 2 -
. 24 5/3/76 5/28/76 25 - 53,240 24,20 545
. - : 5/28]716 ' 6/3/76 - 6 -
25 6/3/76 6/20/76 17 - 35,010 15.91 522
. 6/20/76 6/26/76 - 6 -
26 6/26/76 8/13/76 48 - 103,731 47.15 468
8/13/76 8/17/76 - 4 -
27 8/17/76 8/25/76 8 - 16,556 7.53 456
*8/25/76 9/1/76 - 7 -
28 9/1/76 11/14/76 74 - 159,357 72,44 375
11/14/76  1/19/77 - 66 - ’
29 - 1/19/77 4724777 95 - 196,939 89.52 214
4/24/77 4/29/717 - 5 -
. 30 4/29/77 7/20/77 82 - 173,054 78.66 127
- 7/20/77 7/22/77 - 2 -
31 7/22/17 11/24/77 125 - 256,866 116.76 0
Total 2,787,325 1,266.97 )
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TABLE VI

FAST NEUTRON SPECTRUM AND FOIL ACTIVATION
CROSS SECTIONS FOR CAPSULE S
TURKEY POINT UNIT NO. 3

DOT 3.5 54Fe (n,p) % 63cu(n,y)®%co
Energy Range Calculated Cross Section Cross Section
. (MeV) Neutron Flux (barns) * (barns)
10.00 - 12.5 3.04 x 108 0.521 4.78 x 10~2
8.18 - 10.0 9.61 x 108 0.578 4.26 x 10~2
6.36 - 8.18 2.57 x 109 0.578 1.53 x 1072
4.96 - 6.36 4.96 x 10° 0.491 2.85 x 1073
4.06 - 4.96 5.00 x 10° 0.352 2.78 x 1074
3.01L - 4.06 9.21 x 107 0.222 1.12 x 10~4
2.35 - 3.01 1.52 x 1010 0.098 5.96 x 1073
1.83 - 2.35 1.87 x 1010 0.024 3.86 x 107>
. 1.11 - 1.83 5.03 x 1010 0.0025 2.09 x 1073
1.00 - 1.11 0.92 x 1010 - 1.20 x 107>
) 0.55 = 1.00 7.02 x 1010 - 5.48 x 106
0.11 - 0.55 1.24 x 1011 - 8.46 x 1077

a
]

Fe 0.0902 barns (E > 1 MeV)

Ql
fl

Cu 0.0009§S‘barns (E > 1 MeV)
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Much of the early work published on the radiation—-induced embrittle-
ment ;f ferritic steels correlated shifts in ductile-brittle transition
temperature with neutron fluénce calculated on the assumption that the
neutron energles were distributed according to a fission neutron spectrum.

ham T ’ To provide information for reference only, the ‘Unit No. 3 Capsule S fast
neutron flux density based on a fission-spectrum cross section of 98.26 mb
(E > 1 MeV) for Fe(18) and 0.000606hmb (E > 1 MeV) for Cu(ls), is calcu-
lated to be 1.31 x 1011 cm‘2°sec“1, E > 1 MeV. The Unit No. 3 Capsule S
fast neutron flux (E > 1 Meﬁ) computed with the DOT 3.5 code was 1.20 x

101l cmf2°sec‘1, E > 1 MeV.

B. Thermal Monitors

The thrmal monitors were examined and had not melted. This indicates

that the capsule did not reach 579 F during the exposure period.

c. Mechanical Property Test Results

The Charpy V-notch impact results obtained from specimens contained

L

.. in Capsule S are given in Table A-1l in Appendix A. The transition curves
" developed for each material using a tanh curve-fitting technique ‘are also
presented in Appendix A. A summary:of the notch toughness propertiés of
Fﬁé Turkey Point Unit No. 3 survgillance materials contained in Capsule S
are listed in Table VII. These results indicate that the lower shell
forging (1235266VA-1) is slightly more susceptible to radiation embrittle-
e ment khan the intermediate shell forging (123P461VA-1). This correlates
with the reported copper contents of 0.079% and 0.058%, respectively.
The results of tensile t;sts on specimens representing the lower
and intermediate shell forging materials contained in Capsule S are listeq

in Table A~2 in Appendix A. The stress-strain curves and tensile test data
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TABLE VII ,

NOTCH TOUGHNESS PROPERTIES OF CAPSULE S SPECIMENS
TURKEY POINT UNIT NO. 3

Forging Forging Correlation
1238266VA-1 123P461VA-1 * Monitor
50 ft-1b Cv Temp. (deg F) .
Irradiated, 1.41 x 1019(3) . -6 204
Unirradiated =41 -29 65
AT 45 23 139
35 mil Cv Temp. (deg F) '
Irradiated, 1.41 x 1019(2) -1 -~10 182
Unirradiated , =53 =45 41 .
AT 752 35 141
Upper Shelf Energy  (£t-1bs)
Unirradiated 154 145 76
Irradiated, 1.41 x 1019(2) o122 128 60

AE : 32 17 16 e

.. |

(a) Neutron fluence, cm'z, E > 1 MeV . ] ) J
. n |

|




1

sheets are also reproduced in Appendi% A. The tensile strength and ductil-
ity data obtained on the forging materials are compared 'to the unirradiated
properties(16) in Figures 5 and 6. These data also indicate that the highexr
copper forging material is slightly more sensitive to neutron radiation

. embrittlement than the lower copper forging material.

D. Chéck Chemical Analyses for Copper

Check chemical analyses for the copper content of four tested Charpy
V-notch specimens gave the following results: -

Specimen Material Copper

No. Identification (%)
S8 1235266VA-1 0.06
P9 123P461VA-1 0.06"
RS Correlation Monitor 0.16
. R 6 Correlation Monitor 0.18

The results on the vessel surveillance materials confirm the copper contents

indicated by WCAP 8631(14) and wcaP 7656.€16)

N
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VI. CAPSULE S TEST RESULTS ~ TURKEY POINT UNIT NO. 4

A. Neutron Dosimetry

The same anomalies concerning neutron dosimeter identification de-
scribed for Unit No. 3 were noted for the Unit No. 4 Capsule S dosimeters,
but these materials were ﬁot subjected to ‘qualitative analysis identifica-
tion check. The specific activities obtained from the remaining dosimeters
in this capsule are given iﬁ‘Téple VIII. ' The weigﬂts of the '"middle cad-
m?um—covered" and the "nickel" wires suﬁport the supposition that these
dosimeters weré madé of a copper alloy and an aluminum-cobalt alloy,

respectively. The iron resultsmagain’ghow a 20% decrease in neutron flux

-across the capsule in the radial direction, and it appears that the capsule

was placed in the vessel in the planned orientation. The saturated activi-
ties of the dosimeters, also given in Table VIII, were based on the summary
of‘plant operations given in_ Table IX.

The neutron spectrum calculated for the Capsule S location is given
in Table X along with the spectrum~averaged cross sections computed for the

iron and copper dosimeters. The resulting mean value of fast neutron flux

_density at the Unit No. 4 Capsule S location was 1.16 x 1011 cm‘2~sec'1,

E > 1 MeV. Since Unit No. 4 operated for an equivalent 1249.13 full power

days of operation up to the 1978 refuelling outage, the calculated value of

neutron fluence received by this capsule is 1.25 x 1019 cmfz, E > 1 MeV.

To provide information for reference only, the Unit No. 4 Capsule S
fast neutron flux density based’on fission-spectrum chSS‘sections(ls) is
calcuiated to be 1.25 x 101l cm—2°sec'l, Ej> 1 MeV. The fast neutron flux
densit& at the Capsule S location computed with the DOT 3.5 code was

1.18 x 1011 cm'z‘sec'l, E > 1 MeV.
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TABLE VIII

CAPSULE S

TURKEY POINT UNIT NO. &

SUMMARY O? NEUTRON DOSIMETRY RESULTS

o Radial
Monitor Location Activation Dosimeter Measured Activity  Saturated Activity

Identification(a) in Capsule(15 Reaction Weight (mg) (dps/mg) (dps/mg)
Fe-P9 (Top) Core Side 54Fe (n,p) %M 245.2 5.29 x 103 7.37 x 103
Fe-RS (Middle) 193.1 5.13 x 10 7.15 x 103
Fe-P1 (Bottom) 174.7 5.25 x 103 7.31 x 103
Fe-S9 (Top) - “Vessel Side 188.7 4.58 x 103 6.39 x 103
Fe-R7 (Middle) | + | 265.2 4.20 x 103 5.85 x 103
Fe-S1 (Bottom) k 206.0 4.48 x 103 6.25 x 103
Cu (Top) Center 63¢cu(n,a)0co 49.8 2.30 x 102 6.91 x 102
Cu (Bottom) , 50.3 2.23 x 107 6.72 x 102
Ni (Middle) 58N (n,p)28Co 9.2 (b) (b)

Co (Top) 59¢o (n, ) ®0co 8.9 2.50 x 107 7.54 x 107
Co-Cd (Top) 8.1 9.36 x 106 2.82 x 107
Co (Middle) 9.5 1.91 x 107 5.75 x 10
Co-Cd (Middle) 18.0 (c) (c)

Co (Bottom) 8.3 2.26 x 107 6.80 x 107
Co-Cd (Bottom) Y 9.6 1.02 x 107 3.08 x 107

(a) See Table II for location within capsule.
(b) Monitor material was identified as being bare Co in Al.

(¢) Monitor material was identified as being a Cu-base alloy (purity undetermined).




TABLE IX

SUMMARY OF PLANT OPERATIONS

TURKEY POINT UNIT NO. 4

Oper. Date Shutdown  Operating
Period Stare Stop Days Days
1 06/19/73 07/01/73 - 12
07/01/73 07/02/73 1 -
2 07/02/73 07/07/73 - 5
07/07/73 07/09/73 2 -
h) 07/09/713  07/14/73 - 5
07/14/73 07/18/73 4 -
4 07/18/73 07/29/73. - 11
07/29/73 08/05/73 7 -
5 08/05/73  03/01/73 - 27
09/01/73 09/02/73 1 -
6 09/02/73 09/23/73 - 21
09/23/73, 09/24/73 1 -
7 09/24/73 11/04/73 - 41
11/04/73  11/16/73 12 -
8 11/16/73 01/03/74 - 48
01/03/74 02/03/74 31 -
9 02/03/74 04/03/74 - 59
04/03/74 04/05/74 2 -
10 04/05/74  04/17/74 ' - 12
04/17/74  04/18/74 1 -
11 04/18/74 05/25/74 - 37 '
05/25/74  05/31/74 6 -
12 05/31/74 08/18/74 - 79
08/18/74  09/10/74 23 -
13 09/10/74  10/22/74 - 47
10/27/74  11/02/74 6 -
14 11/02/74 12/04/74 - 32
12/04/76  12/07/74 3 -
15 12/07/74 01/06/75 - 30
01/06/75 01/10/75 4 -
16 01/10/75 03/30/75 - 79
03/30/75 06/21/15 83 -
17 06/21/75 08/03/75 - 43
08/03/75 08/09/75 6 -
18 03/09/75 09/21/75 - 43
09/21/75 10/01/75 10 -
19 10/01/75  10/12/75 - 11
10/12/75 10/13/75 1 -
20 10/12/75 01/10/76 - 89
01/10/76  01/17/76 7 -
21 01/17/76  04/18/76 - 92
04/18/76 06/10/76 53 -
22 06/10/76 06/12/76 - 2
06/12/76  06/16/176 . 4 -
23 06/16/76 06/17/76 - 1
06/17/76  06/19/76 2 -
24 06/19/76  09/10/76 - 83
09/10/76 09/16/76 6 -
25 09/16/76 09/24/76 - 8
09/24/76  09/29/76 5 -
26 09/29/76 10/10/76 - 11
- 10/10/76  10/14/76 4 -
27 10/14/76  10/28/76 - 14
10/28/76 12/03/76 36 N
28 12/03/76  01/06/77 - 34
01/06/77 01/11/77 5 -
29 01/11/77 01/25/77 - 14
01/25/77 01/30/77 5 -
30 01/30/77 03/20/77 - 49
03/20/77 03/26/77 6 -
31 03/26/717 04/26/77" - 31
04/26/77 05/04/77 8 -
32 05/04/77 05/09/77 - 5
05/09/77 08/03/77 86 -
33 08/03/77 08/11/77 - 8
08/11/77 08/15/77 4 -
34 08/15/77 10/29/77 - 75
10/29/77  11/11/77 13 -
35 11/11/77  02/14/78 - 95
02/14/78  03/09/178 . 23~ -
36 03/09/78 08/13/78 - 157
Total

35

Reactor Pover

QOutput !Mtz
3,269
2,596
3,036
7,056

21,408
28,405
. 61,07
72,903
103,061
22,345
75,126
159,505
98, 345
58,541
63,850
168,707
86,227
90,287
22,450

190,599

193,789
2,289

280

174,409

16,159
23,551
27,692
71,425
10,659
107,197
66,448
10,825
12,603
157,049
202,068

314,604

2,748,037

Equivalent
Oper. Days, T

1.49
1.18
1.38
3.2
9.73

12.91
27.76
33.14
46.85
10.16
34.15
72.50
46.70
26.61
29.02
76.68
39.19
41.06
10.20
86.64
88.09
1.04
0.22"
79.28
6.44
10.70
12.59
32.47
13.9%
48.73
30.20
4.92
5.73
71.39
91.85
143.00

1249.13

Decay Time
after Perfod, tn

" 1869
1863
1856
1841
1807
1785
1743
1683
1593
1579 -
1541
1456
1386
1348
1315
1232
1106
1057
1036

946
847
792
787
702
688
672
654
584
565
s11
474
461
367
238
180



TABLE X

FAST NEUTRON SPECTRUM AND FOIL ACTIVATION
CROSS SECTIONS FOR CAPSULE S
TURKEY POINT UNIT NO. 4

DOT 3.5 54Fe(n,p)54Mn 63Cu(n,Y)GOCo
Energy Range Calculated Cross Section Cross Section
(MeV) Neutron Flux (barns) (barns)

10.00 - 12.5 3.07 x 108 0.521 4.78 x 1072
8.18 - 10.0 9.71 x 108 . 0.578 4.26 x 10~2
6.36 - - 8.18 2.60 x 10 0.578 1.53 x 10°2
4.96 ~ 6.36 5.03 x 107 0.491 2.85 x 1073
4,06 - 4.96  5.07 x 10° 0.352 2.78 x 1074
3.01 - 4.06 9.35 x 10° 0.222 1.12 x 1074
2.35 - 3.01 1.55.x 1010 - 0.098 5.96 x 107
1.83 - 2,35 1.90 x 1010 - 0.024 | - 3.86 x 1077
1.11 - 1.83 5.12 x 1010 0.0025 2.09 x 107
1.00 - 1.11 0.94 x 1010 - 1.20 x 107>
1 0.55 - 1.00 76 %100 oo - 5.48 x 1076
0.11 - 0.55 1.26 x 1010 - - | 8.46 x 1077

0.0900 barns (E > 1 MeV)

Ql
it

Fe

0.000980 barns (E > 1 MeV)

Ql
)|

1

{

36




B. Thermal Monitors L.

The -thermal monitors were examined and had.not melted. This indicates

that the capsule did not reach 579 F during the exposure period.

c. Mechanical Property Test Results

The Charpy V-notch impact results’ obtained from specimens contained .in
Capsule S are given in Table B-1 in Appendix B. The transition'curves de-
veloped for each material using a tanh curve-fitting techniqué*are also pre-
sented in-Appendix B. A summary of the notch.tohghness properties of the
Turkey Point Unit No. 4 surveillance materials contained in Capsule S are
listed in Table XI. These results indicate that forging heat 123P481VA-1
has more senéitivity to neutron radiation embrittlementvthah fqrging heat
1225180VA-1, even though thelr copper contents ‘are almos? identical (see
Table III).

The results of tensile tests on specimens representing the lower and
intermediate shell forging méteriéls contained in Capsule S are listed in
Table B-2 in Appendix B. Also included in this appendix are the stress-
strain curves and tensile test data sheets. The tensile strength and duc-
tility data obtained on tﬁese forging matefials are compared toithe‘unir-
radiated properties(17) in Figures 7 and 8. These resylts indicate that
both forging heats have about the same 16w‘irradiation sensitivity as
wouiq be expected from.the copper contengs of these materials. "

D. - Check Chemical Analyses for Copper-

Check chemical analyses for the copper content of three -tested Charpy
V-notch specimens, made with an x-ray fluorescence technique, gave the fol-

lowing results:
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NOTCH TOUGHNESS PROPERTIES OF CAPSULE S SPECIMENS

TABLE XI

TURKEY POINT UNIT NO. 4

50 ft-1b Cy Temp. (deg F)

Forging

Irradiated, 1.25 x 1019(2)
Unirradiated
AT

35 mil Cy Temp. (deg F)

Irradiated, 1.25 x 1019(2)
Unirradiated
AT

Upper Shelf Energy (ft-1b)

Unirradiated (a)
Irradiated, 1.25 x 1019'2
AE

(a) Neutron Fluence, em—2

Forging Correlation
1225180VA~1 123P481VA~-1 Monitor

3. 60 195

=8 25 _80

11 35 115

-4 46 174

-15 =2 62

11 48 112

132 135 122

122 123 88

10 12 34
s E> 1 MeV
38




‘Stress, ksi

Ductility, %

100

75 |-

50

25

75

50 -

25 -

100 200 300 400

Temperature, deg F

FIGURE 7. TENSILE PROPERTIES OF FORGING 122S180VA-1

TURKEY POINT UNIT NO. 4
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. Specimen Material Copper

No. Identification %

S-1 1225180VA-1 nil
P-1 123P481VA-1 .02
R-1 Correlation Monitor .08

These results are below those reported in WCAP 7660. (17)  The background
radiation resulting from the gamma activity. of each irradiated specimen

was nearly twice that observed for the Unit No. 3 chemical analysis samples.
As a result, the backgr?und count was a much larger fractién of the total

count in the copper peak, reducing the accuracy of the result. '
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VII. . ANALYSIS OF RESULTS

A. Introduction

The analysis of data obtained from surveillance program specimens has

the following goals:

(1) Estimate the period of time over which the properties of
the vessel beltline materials will meet the fracture
toughness requirements of Appendix G of 10CFR50.' This
requires a projection of the measured reduction in Cy
upper shelf energy to the vessel wall using knowledge
of the energy and spatial distribution of the neutron
flux and the dependence of C, upper shelf energy on the
neutron fluence (trend curves).

(2). Develop heatup and cooldown curves to describe the oper-
ational limitations for selected periods of time. This
requires a projection of the measured shift in RTypr to
the vessel wall using knowledge of the dependence of
the shift in RIjnpT 'on the neutron fluence (trend curves)

and the energy and spatial distribution of the neutron
flux. .

The capsules removed from the Turkey Point Nuclear Power Plant pressure
" vessels dﬁring the 1977-78 refuelling outages contained speéimens represent—
ing the intermediate and lower shell course beltline forging materials but
- did not contain any weld metal or HAZ specimens. Since the weld -metal will
control the RTypt for both units(}a’ls), the results of this aﬁalysis may not
affect the current heatup and cogldovn'limitsﬁ

It is anticipated that the.reliability of neutron embrittlement trend
curves will be improved as more‘surveillance data become -available and a
better understanding of the factors affecting radiation embrittlement has
been achieved. As an example of the 1atter Mr. E. C. Biemiller of Combus-
tion Engineering, in a paper‘lg}Egiven‘at the 8th ASIM-International Sym-

- posium on Effects of Radiation on Structural Materials held in St. Louis
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in Ma& 1976, indicated that a parameter of (% Ni + % Si) + (% Mo + % Cr +
% Mn) may explain the variation in rgdiation embrittlement observg§ in fer-
ritic materials of nominally the same copper content. In-addiéion, at the
9th ASTM International Symposium on Effects of‘Radiation,dn Structural Ma-
terials held in Richland, Washington, in July 1978, Mr. J. D. Varsik of ‘
Combustion Engineering presented a related paper entitled "An Empirical
Evaluation of the Irradiation Semsitivity of Reac;or'Vessel Materia@s."'
At the same confergncq, Westinghouse presented information which indicates
that Agutron emﬁrittlément may reach a limiting yalue when the irradiation
'is car;ied out forlldﬁg times at approximately 550°'F in lower -neutron flux
environments. :Also, the=Metal éroperties Council is developing new radia-
tion dam;ge curves that will be based on more data than those currenﬁ}y in

use.

B. Pressure Vessel Fast Neutron Exposure

1. | Turkey Point Unit No. 3

Based on the dosimetry results obtained from Capsule S, and
using thé conservative lead factor of 1.76 calculated for this capsule,
the &aximum fast flux incident‘on the Turkey Point Unit No. 3 pressure
" vessel is.calcﬁlatéd to be i.33'k 1010 cm=2.gec™l, E > 1 Mev. The fast
déutronhflux is attenuateg as 1t penetrates the pressure vessel‘yall. Con-
servative estimates of the ratio of fast-flux at depths of Z'in..éll4T) and
6 in. (3/4T) to th;t incident on the pressure vessel I.D. surface-are 0;60
and 0.15, respectively.(20)

Utilizing these factors, the maximﬁm fast flux at the 1/4T depth

in the Turkey Point Unit No. 3 pressure vessel wall is estimated to be 4.40 x -
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1010 cm'2°sec“1, and that at the 3/4T depth is estimated to be 1.10 x 1010
cm‘z'sec’l, approximately ‘127 higher than deférmined from -the analysis of
Capsule T.(14) The predicted neutron exposures for the Turkey Point Unit
No. 3 pressure vessel at the I.D. surface, 1/2T and 3/4T positions aft;r

5, 10, and 32 Effective Full Power Years (EFPY) of operation .aré summarized

in Table XII.

2. Turkey Point Unit No. 4

Using the Capsule S dosimetry results, and the conservative
lead factor of 1.76 célculated for this capsule, the maximqm fast flux
incident on the Turkey Point Unit No. & pressure vessel. is calculated to
be 6.59 x 1010 cmfz‘sec‘l, E > 1 MeV., The maximum fast flux values calcu-
lated for the 1/4T and 3/4T positions within the vessel wall are 3.95 x
1010 and 0.99 x 1010 cmfz'sec'l, respectively.‘ These values are within 1%
of those determined from the analysis of Capsule 7. (15) The predicted neu~-
tron exposures fdr the Turkey Point Unit No. 4 pressure vessel at the I.D.

surface, 1/4T and 3/4T positions after 5, 10, and 32 EFPY are presented in

.
b

Table XIII.

C. Vessel Material Notch Toughness

A method for estimatiné the reduction in C, upper shelf energy as a
function of neutron fluence is given in Regulatory Guide 1.99.(7) The
fesults obtained to date on the vessel beltline forging materials and the
reference steels contained in Capsules S and T are compared to a portion
of Figure 2 of Regulatory Guide 1.99 in Figure 9. The shelf enérgy re-—
sponse of each vessel beltline forging material from Turkey Point Unit
Nos. 3 and 4 was equal to or less than the minimum’basq,metalzresponse

curve (0.10% Cu) given in Figure 2 of Regulatory Guide 1.99. The shelf
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TABLE XII

PROJECTED MAXTMUM PRESSURE VESSEL EXPOSURES(3) o
TURKEY POINT UNIT NO. 3

Neutron Flux
E > 1 MeV

Location in
Vessel Wall

I.D. Surface 7.33 x 1010 cm2-sec L

1/4T Depth 4.40 x 1010 cm2-gec™l1

3/4T Depth 1.10 x 1010 cp2-gec™1

(a) Based on results from Capsule S

Neutron Fluence, E > 1 MeV
5 EFPY - 10 EFPY

32 EFPY

2.3 x 1019~cm'2

1.16 x 1019 cm2 7.4-x 1019 cm2

6.947x 1018 cm~2 1.4 x 1019 cm.'2 4.4 x 1019 cm.-2

2

1.73 x 1018 cm—2 3.5 x 1018 cm2 1.1 x 10Y2 co”



TABLE XIII

PROJECTED MAXIMUM PRESSURE VESSEL EXPOSURES(2)
TURKEY POINT UNIT NO. 4 .

Location in , Neutron Flux Neutron Fluence, E > 1 MeV

Vessel Wall E > 1 MeV 5 EFPY 10 EFPY 32 EFPY

I.D. Surface 6.59 x lomicm'z'sec‘1 1.04 x 1019 em2 2.1 x 1019 w2 6.7 x 1019 cm2

1/4T'Depth' C3.95x 1010 cm"z'sec_l 6.24 x 1018 o2 1.2 x 1019 cm2 4.0 x 1019 cp2
~ _ .
~ 3/4T Depth 0.99 x 1010 cm2-gec™l 1.56 x 1018 cm2 3.1 x 1018 cn2 1.0 x 1019 2

(a) Based on results from Capsule S
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energy response of the 0.20% Cu A302B reference steel. (Unit 3) was also less
than the appropriate (0.20% Cu) trend curve, but the shelf energy response of
the 0.14% Cu A533 reference material (Unit 4) was above the applicable (0.15%
Ch) trend curve,

D. Adjusted. Reference Temperature

A similaxr approach can be taken to estimatg the increase in RIypr as a
function of fast neutron fluence. Figure 10, which compares the Turkey Point
Unit Nos. 3 and 4 ;essel forging material and reference steel fesults to the
appropriate radiation damage trend curves deve}oped by ﬁestinghouse(ls), in-
dicates that the responses of the forging materials are well below the 0.10%
Cu trend curve and the responses of the reference steels are in good agree-
ment with the appropriate trend curves.

The same data are compared to the trend curves of Reguiatory Guide

. 1.99(7) in Figure 11. This shows that the responses of the vessel forging

materials are below thé 0.087% Cu trend curve, the response of the A533B
reference steel is in good agreement with the 0.14% Cu trend curve, and the
responsé of the A302B reference steel is below the 0.20% Cu trend curve.
Although there is considerable scatter in the data, the transition tem-
perature shifts determined for the vessel surveillance materials ;re in rea-
sonable agreement with both éets of trend curves. However, the vessei forg-
ing material data appear to follow the slope of the Regulatory Guide 1.99
trénd curves (Figure 11) and the correlation monitor material data appear to

follow the slope of the Westinghouse trend: curves (Figure 10).

E. Heatup and Cooldown Limits for Normal Operation

Heatup and cooldown limit curves were developed for 0-5 and 5-10

_ EFPY of operation for the Turkey Point Unit Nos. 3 and 4 nuclear power

plants after the removal of the first surveillance capsule (T) from each
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reactor vessel.(21) The projected fast neutron exposures resuiting”from
the analyses of the second surve}iiance capsule (S) from each unit are
in good agreement wiéh those repo;ted earlier. (14,15) Also, since the

S capsules did not contain specimens representing the controlling (weld
metal) beltline material, there is no basis for revising the projected
values of RInpT used ‘to develop the curfent set of heatup and cooldown
limit curves.

F. Capsule Removal Schedule

A third capsule is scheduled for removal from each reactor vessel
after 10 calendar years of operation. Based on the past operating histo-
_ries of ‘the Turkey Point nuciear power plants, 10 calendar years of opera-
tion should correspond to approximately 7 EFPY of operation. It is recom-
ménded that Capsule V, a Type II capsule containing weld metal specimens,
be removed from each vessel at that time. The projected fast neutron flu-
encé for the V capsules after 7 EFPY is 1.3 x 1019 cm2 (E > 1 MeV), ap-
p;oximately twice the fluence received by the T capsules.(14,15) fThe data
obtained from the V capsules should provide the information necessary to

revise the heatup and cooldown limitations for operation beyond 10 EFPY

of operation.
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APPENDIX A

Charpy V-Notch and Tensile Test Data
Turkey Point Unit No. 3
- Capsule §

»

-
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TABLE A-1
CHARPY IMPACT DATA -~ CAPSULE S

TURKEY POINT UNIT NO. 3
(Neutron Fluence = 1.41 x 1019 em2, E > 1 MeV)

Spec. Temp. Energy Lat. Exp. Fract. App.

Material No. (deg F) (£t-1b) (mils) (% Shear)
Forging 123P461VA-1 . P-9 =50 3.5 5 nil:
P-7 =20 - 33.0 24 5
P-10 =10 70.0 49 75
P-8 0 72.0 53 50
P-6 10 59.5 45 80
P-5 30 79.5 58 90
P-1 72 77.0 59 10
P-2 140 127.5 92 100
P-3 210 132.0 89 100
P-4 300 125.5 94 100 .
Forging 123S266VA-1 S-9 =50 13.5 9 nil
. S-7 =20 31.0 27 5
S-8 0 46.0 37 : 5
S-6 10 48.0 34 5
s-10, - 20 67.0 51 75
s-5 + 30 86.0 74 100
s-1 " 72 117.5 81 50
S-2 . ' 140 121.5 90 100
s-3° ' 210 124.0 95 100
S-4 L 300 122.0 91 -~ 100
Correlation Monitor Steel R-1 72 15.0 13 5
R~-2 140 21.0 19 - 15
. R-5 160 49.5 40 40
. ‘ . R-6 180 33.0 31 50
‘ R-8 200 51.5 50 95
R-3 . _ 210 53.0 47 90
R-7 |+ 250 . 35.5 34 60
R-4 . 300 60.0 51 100
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TABLE A-2

TENSILE PROPERTIES OF SURVEILLANCE MATERIALS
CAPSULE S - TURKEY POINT UNIT NO. 3
(Neutron Fluence = 1.41 x 1019 em2, E> 1 MeV)

Test 0.2% Yiela Tensile Fracture Fracture Uniform Total Reduction
Spec. Temp. Strength Strength  Strength Stress Elongation(b) Elongation in Area
No.(2) (&) (psi) (psi) (psi) (psi) (%) (% (%)
§-2 -+ 250 64,200 84,000 - 52,100 157,100 10.3 . 23.4 66.8
s-1 - 550 -~ - 54400 ;-:_78,906/ 50,900 .149,700 7.6 20.9 66.0
. .
~J
P-2 250 61,300 81,200 50,900 167,100 10.2 22.5 69.5
P-1 550 (c) @ (c) (c) (c) (c) (c)

(a) Material Code: S = 123S266VA-1; P = 123P461VA-1
(b) Using change of cross-sectional area in unnecked portion of specimen per ASTM E 184-62.
(¢) Specimen not tested. Temperature controller malfunction caused overheating of specimen.
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, ' De pa.rtment of Materials

TENSILE TEST DATA

7]

TeSE NO.. T- / . Esto U- To So

Spec. No. S -2 - Initial G. L.  /, Q0O

] ( Juthwest Research Institute

Sc:.ences
SHEET

r

psi Project No.22-5/3/- 02/

Temperature 2§ 9 °F  Initial Dia. , 2S5

in. Machine No. /czon/

in.  Date J" 30"7?.

)
Strain Rate .o 7 v/ Initial Thickness

i

Initial Width.

in, Initial Area O,04G) -

in.

' o
Top Temperature = 235 °F

. ’ o
Bottom Temperature £5J = °F

Fi;lal Gage Length . /.jj';( in.

Maximum Load 4/25 1b
0.2% Offset Load 2/S0O 1b

0.02% Offset Load - 1b

Final Diameter . /Ll in. Upper Yield Point " 1b .
Final Area . 0,0/632 “ in.2 Fue Dy, (Unsmseered Reman) 2238 w.
’ ? Maximum Load - .
U.T.S. = Tnitial Area =  F4 0/0 psz
0.2% Offset Load é() -7
- « L-/0 Se a =
0-2% YT S. = Initial Area - . é 4. /Si? psxi
D 0. 02% Offset .:Loa.d ' .
_ Upper Yield Point .
Upper Y.S. = Initial Atea psi ‘
Final G. L. - Initial G. L -
.. . i - ma » . - ni 1a . » = . . « ?
% Elongation Thital G. L x 100 23.4@ % ,
N
% R.A. = Initial Area - Final Area % 100 = éé 8 . q : -

Initial Area
Onccrm E.Loch- _([(Tbmm.:l)m b

FivAL DA (UN NECLE D

. g//ﬁ
S /‘ J /W,/
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Couthwest Reséarch Institute - (
Department of Materials Sciences

TENSILE TEST DATA SHEET

Test No. T- 2 Est. U.T.S. psi Project No. O A- S/ J/-00/
Spec. No. Ky "_/ Initial G. L. /, ©00 in. Machine No. H/zz0A/ .~

<
Temperature 560 °p Initial Dia. 25‘9 in.  Date F-r<-7F

4
Strain Rate _. ©/ /Z,s Initial Thickness in. Initial A:péa 2.049/ o

Initial Width in.
Top Temperature ' °F Maximum Load JJ7S  1b
Bottom Temperature °F 0.2% Offset Load 2670 1b
Final Gage Length / 2 <Z  in. 0.02% Offset Load 1b
Final Diameter L 79&8 in. Upper Y1e1d Pomt " 1b ;
~ .

Final Area __ 0.0/C7 in, Fsac Dur. (O ngercen Pemond 2284 IN‘

_ Maximum Load _ . .
Uo Ta So - Initial Area - 7gl ?w pBl

J
_ 0.2% Offset Load _ - .
0.2% ¥.S. = Initial Area = M ps’-i‘

@

_ 0.02% Offset Load _ - “ o
0.02%.Y.8. = Initial Area ® — P8 < '
_ Upper Yield Point . s
Upper ¥.S. = Initial Area : pex
Final G, L. - Initial G. L oz s -
. _ ma » .« - 1a . Y - 0‘
% Elongation = Tnitial G. L. x 100 = % (%
Initial Area - Final Area s e -
% R.A. = x 100 = éé o q

Initial Area

UU\FOQM t\,ak)(r. —[ Fﬂﬁbplﬂ (OQ-QECI‘&D) X‘DO = -
P

(__ signature: [////\m @ .

B0 =

/
v
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& ,suthwest Research Institute _ (

. Department of Materials Sciences’
1
TENSILE TE;ST DATA SHEET

TeSt‘NO- T- 2 ) Esto Uo To So

Temperature Zggz °F Initial Dia.

: psi Project No. ©02-5/3/-02/

'\ /L 00O in. Machine No. /e o
.25’2 in. ' ba.te /’(3@—77

L]

7/ : . .
Strain Rate __ Qé ég/ Initial Thickness _ in.  Initial Area _0. 0899 “

N

Initial Area

0. 02% Offset Load’

0.02% Y.S. Initial Area

]
o,
-]
I}

Upper Y.S. Initial Area

Final G. L. - Initial G. L.

_ Upper Yield Point _ ‘

= psi

/.

% Elongation = Thital G,

- Initial Area - Final ArLa

HL.

% R.A Initial Area

x 100 = ?f %

Ui forM €Loﬂ&.:[(’£~lﬂ&bpl§}‘ mo)) /"70

hinne D| A, (\)ﬁ—ﬂec

Signature:

X100 = \O.'L

Ty

Initial Width . in.
Top Température 253 °F Maximum lLoad 40S& 1b
Bottom Temperature <& S/ °F . 0.2% Offset Load 3040 1b H
i B - ‘
Final Gage Length [od 2 S in. 0.02% Offset Load 1b
Final Diameter . /37 1? Upper Yield Point __ I
. an 5
_ Final Area 0152 in.2 Fione Davierer (Vn-neekep) 242 m,
< ; ; ) ‘ .o
| ; Maximum Load YA 7
= = Io) : e
U. T.S. Initial Area -——7‘-——8 pai
0 d @ ‘/ i
0.2% v.s. = ZhOffsetboad | ,/ 375 g '

x100=  22.54 % -
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