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ABSTRACT

This report describes a set of experiments undertaken using a 2 MV
test reactor, the UBR, to qualify the significance of fluence rate to
the extent of embrittlement produced in reactor pressure vessel steels
at their service temperature,. The test materials included two
reference plates (A 302-B, A 533.B steel) and two submerged arc weld
deposits (Linde 80, Linde 0091 welding fluxes). Charpy-V (C,),
tension and 0.5T-CT compact specimens were employed for mnotch
ductility, strength and fracture toughness (J-R “”ﬂ) do:ontnﬁiom.
rupocﬂvoly. ? 'uf;ot fluence rates were 8 x 10*Y, 6 x 10 and
9 x 10 n/emt-8" ", Specimen fluences ranged from 0.5 to
3.8 x 101 n/en?, E > 1 Mev,

The data describe a fluence-rate effect which may extend to power
reactor surveillance as well as test reactor facilities now in use.
The dependence of embrittlement sensitivity on fluence rate appears to
differ for plate and weld deposit materials. Relatively good
agreement in fluence-rate effects definition was observed among the
three test methods,
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1. INTRODUCTION

The present investigation was undertaken with the objective of
qualifying, wunder closely controlled experimental conditions, the
influence of radiation exposure rate on embrittlement ascerupl in
reactor pressure vessel (RPV) steels. The question of fluence-rate or
dose-rate effects on rediation-induced embrittlement in nuclear
service has its origins in the 1950's when sccelerated irradiation
exposures were first applied to study end-of-life (BOL) nuclear
service effects. Materials testing reactors such as the MTR and ETR
in Idaho, the LITR and ORR in Tennessee and the UBR and UCRR in New
York have been vehicles for high fluence-rate exposures of reactor
structural materials including RPV steels. In these reactors,
radiation exposures of a few weeks or s few months in duration can
equal projected EOL fluer: 's for commercial power res or vessels or
internals. Vhether or not the same magnitude of " umage" would bo
exhibited by materials irradiated under "fast" versus "slow" fluence
accumulation conditions was a recognized uncertainty by the 1960's.
This wuncertainty was one key reason that power reactor vessel
surveillance programs were undertaken. To guide such efforts, ASTM E
185 Standard Practice for Conducting Surveillance Tests for
Light-Vater-Cooled Nuclear Power Reactor Vessels was drafted.

Eurly investigations of fluence-rate effects, using test reactor
experiments, did not reveal a significent influence of this exposure
variable on steel property changes. For example, Harries and Eyre
(Ref. 1) compared the effects of a 100:1 difference in exposure rate
at an irradiation temperature of less than 200°C and found no apparent
difference in the strength elevation with increasing fluence rate.
The use of a lov exposure temperature precluded thermal contributions
from r,tttyi the result, The fluence was on the order of
3+ 10% n/en®, Nonetheless, strength changes were appreciable and
+ ‘flelent for their analyses. One limitation of the data set was the
short time frame of the lowest fluence-rate exposure (about 200
hours). Unlike the indication of these data, data derived from powver
reactor surveillance programs compared recently to test reactor data
banks do provide indications of a fluence-rate effect or a
tive-at-temperature effect, or & combination of both. In most
instances, the data bank {nformation does not offer a 1:1 comparison
for a specific material. Rather, the fluence-rate effect is inferred
from comparisons of material trends depicting embrittlement tendencies
for exposures in the two reactor types. In a few cases, correlation-
monitor materials such as the ASTM A 302-B reference plate (Ref. 2) or
plates of the Heavy Section Steel Technology Program (HSST Plates 01,
02 or 03) were included in the surveillance program and permit a
bridge to other irradiation tests. Unfortunately, such data do not
cover a broad fluence range. In turn, a basis for a critical test of
fluence-rate contributions is not provided.

A further {mpediment to testing for fluence-rate effects 1is the
general tie Dbetween fluence-rate level and neutron spectrum,
Decoupling these two factors experimentally is, difficult {f not
impossible. (Harries and Eyres solved this problem by having their
reactor operated at three power levels.) Progress made in neutron



metrology in recent years offers partial solutions to this probles.
Caleulations of actual neutron spectra conditions, for example, are
now available., Thelir use replaces the former practice of sssuning &
fission spectrum neutron energy distribution, Also, the exposure
unit: displacements per atom (dpa) has been developed as & measure of
danage production potential and s an alternative to non-weighted
measures such as fluence E > 1 MeV or fluence E > 0.1 MeV for
irradiation comparisons and descriptions. To the extent possible,
both seasures of neutron exposure are reported here. One reason is
that significant portiors of data in existing banks are referenced to
fluence, E > 1 MeV, only. The reporting of neutron exposure in both
frameworks i{s consistent with ASTM recommendations (Ref. 3)

This report presents MEA findings to date from its exploratory study
for validating fluence rate &s an exposure varisble. It is noted here
that one long term (3.7 year) experiment of the original matrix is
still under irradistion for the NRC; results from this experiment are
expected in 1991,



2. ONECTIVE

The general objective was to clarify and confirm the :gnificance of
fluence rate for the NRC's projection of fracture resistance es
in ’Iv steels by irradiation at their service temperature, nominally
208°C (550°F). The research plan was to test the influence for three
fluence levels: ons (herein termed ‘“lov") corresponding to early
vessel life; & second (termed ‘intermediate") corresponding
spproximately to the inflection of the embrittlement versus fluence
curve, and the last (termed *high®) corresponding to mid-vessel life
measured at the inner wall surface of the vessel. (Target fluence
levels were dictated in part by the fluence obtainable in a lo“ year
pro;ru.l Targgt uence rates were: 8-9 x 10*Y, 5.6 = 10 and
8.9 x 10°? n/en 8" ", The lowest target value corresponds
approximately to the upper end of the renge for PWR vessel service;
the highest target value corresponds to that level equated with
in-core experiments in many materials testing reactors.

Fluence rate effects were to be judged independen .y from: (1)
relative change in notch ductility determined with tne Charpy-V (Cy)
test method, (2) the relative change in tensile strength determined
with 5.74 mon gage diameter tensile specimens, and (3) relative change
in fracture toughness (K;, and J.R curve) as defined with 12.7 mn
thick (0.5T.CT) compact specimens.

The plan called for the use of reference plates and velds having &
high copper content to assure & relatively-high radiation
eubrittlement sensitivity. High copper content materials are commonly
found in older-vintage RPV's and primarily are the source of present
concerns over the fracture resistar.. of these structures,



3. MATERIALS AND IRRADIATION MATRIX

Four materials wvere selected for investigation (Table 1). The A 302.8
plate 1is the ASTM correlation-monitor material which has seen
extensive use in test and power reactor irradiation programs as a
reference material. The A 533:B plate represents the steel
composition chosen for more recent RPV construction i~ the U.S.A. and
abroad. Copper contents (~ 0.2% Cu) are illustrative of "high copper
content® plates from non-improved steelmaking production (Ref. &),
The plates were arbitrarily coded 23F and 23G, respectively, for ready
fdentification,

The submerged arc welds were made with ‘nde 80 welding flux or Linde
0091 welding flux and were coded WBA and W94, respectively. These
fluxes represent the two generic types used in RPV construction in the
U.S.A. Velds made with Linde 80 tend to have a lov as-fabricated
upper shelf energy (USE) level (80-120 J); welds made with Linde 009
or Linde 124 tend to have & high as-febricated C, USE . eater than
150 J).  Both welds were made commercially, using the same lot of
velding wire. Only the welding flux (¢) type differed. Accordingly,
& direct test of the significance of welding flux type to irradiation
behavior could be accomplished. Copper contents of the weld deposits
(~ 0.35¢ Cu, target) were derived primarily from the copper cladding
of the welding wire,

Specimens were removed from the A 302-B plate and the A 533-B plate to
represent the L-T (lomgitudinal, strong) and T-L (transverse, weak)
test orientation, respectively. Those from the welds were aligned to
have the plane of fracture parallel to the welding direction and
perpendicular to the weldment surface. The weld sampling region was
in accordance with ASTM Stendard Practice E 185, Depending on
specimen type, the A 533D samples were removed in two or three layers
bracketing the 1/4T thickness plane. For the A 302-B plate, the Cy
and tensile -specimens were taken from .~e layer located just above the
1/27 plane of the plate. The CT specimens were removed in one layer
immediately beneath the C, and tensile specimens. The use of the 3/8
to 5/8T location material, instead of the preferved 1/47 location
material was with NRC concurrence and was dir* ' .6 by the current
shortage of ASTM reference plate material wc  _«ide. (Note: The
adjoining 1/4T and 3/4T material was consumed in the performance of
the NRC's LWR-SDIP Study (Ref. 5)).

Table 2 shows the irradiation test matrix for the materials. To date,
data have been developed for all experiment assenblies except UBR-49
whose irrdiation {s still undervay.
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TABLE | Chenical Compositions of the Reference Flates and Submerged Arc Weld Deposits

Chemical Composition (Weight-Percent)

Material Code < Mn e 4 s Ni Cr Mo Cu Sa
A 533-B Plate 23¢ 0.22 1.40 0.19 0.017 0.008 0.63 0.19 0.5 0.20 ood®
S/A Weld WBA 0-079(‘!). 1.27 0.71 0.210 0.012 0.55 0.10 0.42 0.37 0.002
(Linde B0 ) 0.096(max) 1.36 e.79 0.017 0.919 0.68 0.13 0.5 0.42 0.004
S/A Weid W9A 0.19 (minmn) 1.21 0.23 0.008 0.005 0.64 0.10 0.49 0.35 2.003
{Linde 00%9i §) 0.19 (max) 1.27 0.23 0.012 0.010 0.77 .11 0.50 0.43 0.004

2 Mot analyzed

» Range (min/max) observed, multiple test locatioms in 1.83-=m long weld seam



TABLE 2 Irrediation Matrix

Neutron Fluence l.to‘

Target

Material Fluence® High Intermediate Low
(x 101 (9 x 1012 (6 x 1081 (8 x 1019
UBR-65° UBR- 44 UBR- 38
UBR- 75 UBR- 46 !
UBR-76 UBR-45
$/A Weld
(Linde 80 ¢) . UBR-65 UBR - 44 UBR- 499
. UBR-7$ UBR- 46 I28
UBR- 76 UBR-45
A 533.B . UBR-77 e UBR- 38
$/A Veld
(Linde 0091 ¢) 0.5 UBR.7? i UBR- 49

(In-Core) (Coxe-Edge) (Reflector)

* n/em?, E > 1 MeV

® n/ea?.sl, B> 1 Mev

® Irradiation assembly number

4 UBR-49 (irradiation in progress).



&. MATERIALS IRRADIATION

The reactor chosen for the irradiations was the UBR reactor at the
Buffalo Materials Research Center (BMRC). The BMRC is located on the
campus of the State University of Nevw York at Buffale. The UBR is a
2 MV pool-type test reactor having & low fuel enrichment (~ 6 percent)
somparable to that of power resctors. Easy asccess for instrumented
(lead-type) experimental assemblies and a capablility for {rrediating
teveral assemblies at different fluence rates simultanecusly were
factors in its cholce. The general arrangement of the MEA experiment
facilities relative to the fuel core is i{llustrated in Fig. 1.

The in-cpre hsllt‘tu (B4 and C2) provide & nominal fluence rate of
8:9 x 10* n/en‘-s"%; tb“o at sho fou edge provided the intermediate
fluence rate of 5.6 x 10" n/en“ 8", MEA experiments for the in-core
and the core-edge facilities are designed to wuse gamma heating to
attain the desired specimen irradiation temperature, in this case
288°c. Accordingly, sample temperatures drop sutomatically (te about
S07C) whenever the reactor 1is shut down, The reflector region
facility (a dry standpipe) provided the lowest fluence rate. Here,
the target temperature is achieved primarily by resistance heaters
located external to the specimen asssembly. The control
irstrunentation reduces specimen temperatures during reactor
outages, Proper rtandpipe position relative to the fuel lattice for
the target fluence rate was established in advance using & “dummy"
assenbly.

Irradiation periods to attain a fluence of 0.5 x 10*’ n/clz are about
2, 27 and 175 weeks for the three respective exposure locations,
Bezsuse of the slow fluons‘ sccuypulation in the standpipe, only a
target fluence of 0.5 x 10*" n/cn® was included in the irradiation
matrix, Each assenbly typically was rotated by 180 deg in the
irradiatioh facility at lesst once during the in-reactor residence
period for fluence balancing across the specimen array.

Neutron spectrun conditions in the three facilities have been
caleculated for MEA (NRC) by outside laboratories. Calculations by
Hanford Engineering Development Laboratory (HEDL) for the in-core
facllities are given in Ref. 6 and 7. Those by the Institut fur
Kerntechnik wund Energiewandlung eV (IKE) for the core-edge and
reflector region facilities are given in Ref. 8. Fluence (E > 1 MeV)
measurements employed iron and nickel wire dosimeters placed within
the specimen arrays. Most assenblies also included cucalt-aluminum,
silver-aluminum and uranium dosimeters to supplement the results from
iron and nickel. Irradiated dosimeters are analyzed routinely for MEA
by EG&C Idaho, Inc. (J. V. Rogers). The levels of uncertainty {t
assigns to fluence rates by iron, nickel and ***U analyses are,
respectively, % 8, 2 7 and 2 5 percent at the lo confidence level,
exclusive of wuncertainties associated with the actual spectrunm
averaged cross sections of the irradiation fields or burnout of the
reaction products of interest.

Figure 2 through 17 show the specimen loadings in the 1ndlvldua&
capsules of each {rradiation assembly. Neutron fluences, n/cm

(text continues on pg. 25)
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Flacement of "v and tension teot specimens in Irradiation
Assenbly UBR-38 (Capsule A; elevation view). Average neutron
fluence values, besed on iron dosimetry, are shown in this
figure and Figure 3 to Figure 17, Determinations based on
2580 dosimetry, are also shown where available.
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Placement of and tension test specinens in Irradiation
Assembly UBR~44 (Capsule A; elevation view).
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Fig. 5 Placement of 0.57-CT compact specimens in Irradiation Assembly BR-44 (Capsule B; elevation view).
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Fig. 7  Placement of 0.5T-CT compact specimens in Irrsdistion Assembly UBR-45 (Capsule B; elevation view).
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Fig. 12 Placement of 0.5T-CT compact specimens in Irradiation Assewbly BR-75 (Capsule A; elevation view).
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(E> 1 MeV), at various positions 1in the specimen arrays are
indicated. Figures 18 through 25 4llustrate the placements of
thermocouples within the specimen arvays. The thermocouples were
velded to the specimens in the test vegion, Unless indicated
otharwise, measured temperatures were within 11°C (20°F) of the target
tenperature of 208°C (550°F). Appendix A provides listings of average
fluence rates obtairsd from the ladividual dosimeters: Appendix B
provides detailed reactor operations history for the {irradiation
assembling. ]

(text continues on pg. 34)
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Fig. 19 Irradiation Assembly UBR-44 showing thermocouple placements in the
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| 5. EXPFRIMENTAL RESULTS
5.1 Notch Ductility and Tensile Strength Determinations

$.1.1 Gverview

The C, test results for the A 302-B plate (Plate 23F) are illustrated
in Fig. 26, 27 and 28; those for the Linde 80 submerged arc weld (Weld
WBA) are shown in Fig. 29 and 30, €, test results for the A “3.B
plate (Plate 23G) and the Linde 0091 submerged arc weld (Weld W9A) are
shown in Fig. 31 and 32, respectively., For the weld materials, data
from the companion low fluence-rate irradiation are not yet available
(UBR-49). Individual test values from the irradiation asseublies
are provided in Appencdix C Computer curve fits of the data and
values of curve fitting parameters are given in Appendix D. In the
text below, comparisons are based on 4l-J transition temperature and
upper shelf wnergy (USE) wvalues from the hand-dcawn curves,
Deterninations on strength increase with irradiation are listed in
Table 3. Tensile test results for Weld W8A from other higan fluence
rate tests (in-core irradiations) arc also listed in Table 3 to extend
the data base. Expected from its higher copper and nickel content,
the Weld WBA consistently showed a pgreater radiation embrittlement
sensitivity than the Plate 23F.

Three general comments on the data for the Plate 23F and the Weld W8A
are ap,:opriate. Figure 26 shows preirradiation notch ductility
properties of the plate at the 1/4T location. This thickness layer
vas Jused for the NRC's Light Water Reactor-Surveillance Dosimetry
Improvement Program (LWR-SDIP) irradiations in the Pool Side Facility
(PSF) of the Oak Ridge Research Reactor (Ref. 5). JComparison of the
properties of this layer versus those of the present atudx indicates a
suall difference in 41-J transition temperature (about 11°C, 20°F) and
a relatively large difference in C, US” (about 16 J, 12 ft-1b). The
differences point up the need for clieck testing when more than one
thickness layer of a plate is employsd for specimen stock. In Fig. 29
and 30, the data for the weld depic: a very shallew ductile-to-brittle
transition trend and at the higher fluences, a low C, USE as well.
These characteristics made identification of the 4l-J temperature
elevation by irradiation difficult. The cited characteristics are not
unusual for Linde 80 welds; on the other hand, 41-J temperature
identification for Linde 0091 welds generally is not hampered by
el.ner aspect (see Fig. 32 example). It is further notud that fairly
high data scatter [es present in certain regions in some Weld W8A
curves ., The cause of the scatter is not known but local weld
inlomogeneity is suspected. In this regard, test specimenc were taken
randomly through the weld thickness. Lastly, the postirradiation
tensile strength values list 4 in Table 3 are duplicate test values in
most cases. Typically, values for a given irradiastion condition were
within 20 MPa (3 ksli). !

Actual (measrured) neutron fluences for tne in-core experiments were
close to ta.uk- values in all cases; hcwever, actual values for the
core-edge experiments exzeeded the target levels, espocially that of
Assenbly CE-3. This precluded a 1:1 matching of date sets for the two

. (text continues on pg., 43)
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TABLE 3 Postirradiation Temsile Streangths (Ambient Temperature Tests)

Yield Strength® Ultisete Temsile Streagth

Irradiation MPa ksi AMPa HPs kei MPo

Material Agsembly

64.76 85.35

76.93 $3.79
78.0% 668 96.85
81.73 100.22

79.81 98.68
80.32 99.08
82.14 100.91

(UBR-384) 76.68 95.93

Egc) Unirradiated 62.47 84.33
1C-4 (UBR-T7A) 71.46 92.91

IP-1 (UBR-38A4) 75.74 101.34

87.59

Weld WSA Unirradiated . 69.7%
{Linde 80) 72.18% 89.50

Plate 23F Unirradiated
(A 302-B)
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Ull-?Slg
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3

Plate
(A 533

70.06 87.56

0.0091 85.86 101 .54
0.0198 90.53 105.26
0.0361 95.59 108.26

0.0172 90.62 104.62
0.0527 102.40 112.9%0
0.0i11 650 9%.31 107 .54

0.0212 659 95.53 108.91
0.0545 684 99.26 767 111.23

Veld W9A Unirradiated s se4® 81.81 95.55
(Linde 0091) 565 81.99 617 85.54

96.77 cosn

Therma1 Aged?
1C-1 (UBR-65B
1C-2 (UBR-75B
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ver-72%+f

uBR-55¢%+f

CE-1 gU!R-bhAi

-
.
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.
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exposure locations. Nonetheless, sufficient overlap exists for trend
definition,

5.1.2 Assessnent of Fluence-Rate Effect

Figure 33 summarizes observed transition temperature elevations for
the two plates and the Weld WBA to {llustrate the influence of fluence
rate on apparent embrittlement sensitivity. The open circle points
depict ox‘i“““& lfon the core-edge irradiation experiments at

5:6 2 1 i the filled circle points signify results from
the in- ﬁro tsudint(on experiments &t the high fluence rate of
8:9 x 10*° n/cn“-» The filled square points refer to the low

fluence-rate irradiation of the reference plates in the reflector
region. To aid the identification of embrittlement trends for the in-
core exposure condition, data obtained from prior in-core irradiation
tests of Veld WBA have been included in Fig. 33. A reference trend
band and two high fluence test points for the 1/4T thickness location
of the Plate 23F are also shown for this purpose.

Referring first to the A 302-B Plate 23F, thc C, findings show no
discernable effect of fluence rate on radiation sensitivity in the low
ur;ot fluence regime. Furthermore, the in-core (IC) and core-edge
(CE) ﬂnltu pre in good agrecaent up to a fluence of about
2.0 x 10" n/em®. Above this value, the data trends diverge with the
intermediate fluonco rate appearing to have a lesser damage-producing
potential than the high fluence rate. In supgort of this analysis,
notice the positions of the data trend for the 1/4T thickness layer of
the plate versus the datum for the CE-3 Assembly. The observed
fluence-rate effect for the A 533-B Plate 23C agrees well with that
for the A 302-B Plate 23F in the low target fluence region. While the
¢1-J transition temperature elevations for the in-core and the
reflector- ro;ion irradiations of this plate are not the same, the
difference (17°C) can be attributed in part to the fluence difference
between the two specimen sets and the observed data scatter.
Considering these factors, the fluence-rate effect does not appear
large for the Plate 23¢ - .aless viewed on a percentage basis. The
radiation-induced elevations in transition temperature for the two
plates from the 1low fluence-rate experiment are essentially the
same . Likewise, the transition tgnpo?turo elevations from the in-
core experiments at -~ 0.5 x 10! n/ce® are not markedly different.
This is not the case for the high fluence irradiations condition. The
high fluence datum shown for Plate 23G is from an earlier MEA study.
Yield strengyth elevations by the low fluence-rate irradiation were
also very similar., It is noted from Table 1 that the nickel contents
of the plates differ (0.18% vs. 0.63%) but not their copper contents
(~ 0.218). The Plate 23C has & significantly lower sulfur content
(0.023% vs. 0.008%) as well.

In contrast to the apparent fluence-rate effect for the Plate 23F, the
data trends for the Weld WBA indicate a fluence-rate influence in the
low but not the high fluence regime. That is, the data pointt for
core-edge nnggin co tests are separated by approximately i5°C (25°F)
at ~ 1x 10 n/cm but tend toward convergence with increasing
fluence. The scatter in the 41-J) transition temperature elevation
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values at flueaces above 2 x 1017 n/cl2 precludes a clear assessment
of the effect. For thy weld, it can be concluded howvever that the
enbrittlement condition achieved by specimens in the CE-3 Assembly {is
no worse than the enmbrittlement condition described by specimens
irradiated in-core to about the same fluence level. Secondly, the
determinations for the plate versus weld permit a conclusion that the
fluence-rate e¢ffect is dependent on material type (or composition).
Further comparisons are planned which will provide separate tests of
composition effects.

The tensile tesi results for the Plate 23F oupq&ft th} cited C, data
comparisons at fluences greater than ~ 1.2 x 10*” n/em®. Noting that
the fluence of Assembly CE-2 is between those of Assembly I1C-2 and
1C-3, the postirradiation yleld strength elevation (107 MPa) {is
intermediate to the elevations found for specimens in Assemblies 1C-2
and IC-3 (91 MPa and 117 MPa, tolpccibvoly)z Extrapolation of the in-
core irradiation trend to 3.85 x 10" n/en® indicates s much greater
strength elevation at this fluence than that shown by the Assembly
CE-3 oci-oqr. Relative to the fluence interval between 0.6 and 1.2
x 10 n/em®, the yield strength elevation for Assembly CE-1 {is
somevhat greater than that expected (by about 25 MPa) from the
trends. For the low fluence condition of Weld WBA, data for the two
fluence rates show a much greater difference, that is, ~ 45 MPa (~ 6
ksi) - and are considered significant. For this material, data from a
prior in-core irradiation test at high fluence are available (see
UBR-55C, Table 3) for comparison with the Assembly CE-3 data. Here,
the yield strength elevations are within 22 MPa (~ 3 ksi).

5.2 u 3 nat
5.2.1 Overview

Fracture toughness data were developed for the materials in both the
transition and the wupper shelf regimes. Details on the test
procedures and the data analysis procedures, and a detailed
description of the results (including tabulated results from
individual tests) are given in Appendix E. This section summarizes
the most important information.

For both the transition and the upper shelf regimes, Kjo values were
determined from each test. For the transition rc;fon. Kjo was
computed trom

2
Ko = /JCtit E/ (1 -) (1)

where Jorie 18 the critical J value at the fast fracture point
(dotlrninoﬁ from the Merkle-Corten formulation, Ref. 9) , E is the
elastic modulus and v 4s Poisson’'s ratio (taken to be 0.3).
Individual test points in the transition region were fitted to an
exponential equation of the form
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vhere the coefficients C;, C, and Cy are determined from a non-linear
regression analysis, and T, {s 0°C or 32°F, depending on the units of
T. The use of confidence gounds (954-95%) 1s described in Appendix E,
&nd the curve-fit results are documented in Appendix F,

For the upper shelf region, & J resistance or J-R curve was obtained
from each test. For this report, the wmodified form of J (Jy) per
Ernst (Ref. 10) has been used for all J-R curve evaluations. For
caleulation of K, , the Jie OFr Jg value for each test is substituted
for Jopqe in Eq. f. (For ého purposes of this report, upper shelf K,
values are used to compare results for the different irradiation
conditions only.) As described in Appendix E, the Jie or Jg value is
determined from & power law analysis, whereby the power law
intersection with the 0.15 mm offset exclusion line is termed J,.
This definition of J, i{s similar to the ASTM E 813.87 method, where
the J-R curve intersection with a 0.2 me offset exclusion line is
used, The method applied in this report is preferred to the ASTM
method due to the lower, and hence more conservative values which
result from this definition. The K ¢ Values are independent of the J
formulation wused, since the various formulations tend to give
identical values at small crack growth increments.

Plots of K,  as a function of temperature are given in Figs. 34 to 36
for the A 302-B Plate 23F, in Figs. 37 and 38 for the Linde 80 Weld
WBA, in Fig. 39 for the A 533.-B Plate 23G and in Fig. 40 for the Linde
0091 Weld W9A. lo_all cases the indicated trend lines are from
computer curve-fits to the data, using Eq. 2.

In general, the Kjo data for each irradiated condition data set are
characterized by moderate to high amounts of scatter. This
characteristic is particularly evident for the Linde B0 weld (W8A),
but is true to some extent for the plates as well. Possible causes
for the scatter include inherent material variability, irradiation
temperature differences and to a small extent the fluence differences
within the specimen set.

For the Plate 23F and for the Weld WBA, the data from the three core-
edge (CE) assemblies indicate similar fracture toughness trends in che
transition region for all three fluence levels, as illustrated in
Fig. 41. More specifically, data for all three CE assemblies indicate
sbout the same 100 MPa/m transition temperature, chosen as an indexing
level for making comparisons. This finding was unexpected, and is
20n¢rally not supported by either the C, or the tensile strength data,
or which higher fluence equates to a greater transition temperature
elevation or strength increase. The differences in the strength and
transition temperature increases were not great among the various CE
assemblies however. In contrast, the three in-core (IC) experiments
indicate a progressive increase in transition temperat.ire with fluence
(Fig. 42), As shown in Appendix E, the J-R curve trends do not
necessarily agree with the fracture toughness trends in the transition
regime, as higher fluence tends to result in reduced J levels in most
cases,

(text continues on pg. 56)
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5.2.2 Assessnment of Fluence Rate Effect

Comparisons of the transition temperature increases cat 100 MPa/m) for
each material are given in Fig., 43, The Linde 0091 weld (W9A) is
included in this figure for completeness. It i{s re-emphasized that
the determinations were hampered by high data scatter in many cases.
For the A 302-B Plate 23F, data from the NRC's LWR: ;DIP (Ref. 5) and
an EPRI-sponsored program (Ref. 11) are «lso shown, The fluence rate
for specimers from the LWR-SDIP Simulated Surveillance Capsules (SSC)
is slightly lower than the tlY,nco ryte fxporloncod by the in-core
assemblies (~ 7 wvs. ~ 9 x 10 n/em“-8"%); the LWR-SDIP In-VWall
capsules have fluence rates which span 2thoqio of the core-cdge (CE)
assemblies (2-8 vs. 5.6 x 10 n/em“-8"%). The EPRI-sponsored
irradiation was an {n-core {irradiation at UBR, For the two welds,
additional in-core irradiation data are obtained from Ref. 12. For
the A 533-B Plate 23G, data (of a limited nature) from a previous in-
core irradiation (Ref. 13) ara given to estimate embrittlement a* high
fluence,

For the A 302-B plate, the data from the three in-core irradiations,
the SSC irradiations and the EPRI-sponsored in-core irradiation form a
single data trend as a function of fluence. In comparison, the core-
edge irradiations and the LWR-SDIP in-wall irradiations indicate less
embrittlement at high fluences and greater enbrittlement at low
fluences. However, with the core-euge irradiations, no significant
difference in fracture toughness was found with the fluence levels
exanined. Data trends for the two f}&onco ates (CE and IC) appear to
cross-over at a fluence of ~ 2 x 10*” n/em®*. For the lowest fluence
rate, achieved with the in-pool (IP) facility, the indicated shift is
much greater than the shift by a comparable fluence in-core. However,
it 1is also lower than that for a somewhat higher core-edge fluence
exposure. This trend is more clearly seen in Fig. 44, where the
individual data points and curve-fits are illustrated for each fluence
rate. (Some acknowledgement of the fluence differences among these
three sets is necessary.)

Many of the observations for the A 302-B Plate 23F are found to apply
to the Linde 80 weld as well. Specifically, the in-core irradiations
of the Linde 80 weld in this program and previous in-core irradiations
indicate a distinct dependence °f9‘h‘ tal fluence, within the range
of fluences from 0.5 to 2.1 x 10" n/cm*. As well, data for the core-
edge irradiations do not indicate significant differences in spite of
& large fluence difference. The data trend with fluence for the in-
CO{; irragiations crosses that for the core-edge irradiations at ~ 2 x
10*" n/em®. A disturbing aspect of the results for this weld is that
previous in-core data (Ref. 12) indicated much less embrittlement than
the present IC data for a given fluence. Since the same irradiation
facility was used for all of the in-core irradiations, the difference
may be due to some weld inhomogeneity along the weld seam This is
being investigated and will be the subject of a future report.

For the A 533-B Plate 23G, the IP {rradiation prrduced greater
embrittlement than the IC irradiation (Fig. 45). 1In this case, the
fluence differences could explain some of the difference. This trend
is consistent with that observed for the A 302-B Plate 23F.
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For the Linde 0091 Weld 0091, no comparisons of data from different
fluence rates is possible. The shift resulting from the present
in-core irradiation (IC-4) is similar to that from pr-vtor, in-cgre
irradiations to a much higher fluence (0.5 vs. 1.5 x 10" n/en®),
paralleling the observations for the Linde 80 Weld WBA

In terms of degradation in upper shelf properties, small decreases in
J levels occur for the plates (Figs. 46 and 47), with moderate
decreases for the welds (Figs., 48 and 49). Tor any of the fluence
rates, higher total fluences tend to result in reduced J levels. For
the A 302-B Plate 23F and the Linde 80 Weld WBA, the lowest curves
overall are for the highest fluence irradiatiof overall, from CE-3
(UBR-45) .

Te summarize, fluence rate effects were seen for the fracture
toughness data. In contrast to degradation from a high fluence rate
exposure, & low fluence rate appeared more detrimental at low fluence,
but the converse appears true for high fluence. A clearer picture is
precluded by the scatter encountered in this data.

5.3 Comparison of T:unsition Temperature Elevations by K,. and

One important consideration in the evaluation of fluence-rate effects
is the relative effect on notch ductility (C,) vs. fracture toughness
correlaticn. Since the upper shelf fracture toughness trends are not
easily quantified wusing & single parameter, the focus of this
discussion will be on the transition temperature elevation (AT). Data
for the transition regime are summarized in Table 4 for both the C,
and ch data.

In Ref. 14, the AT from C, data was found to underestimate somewhat
the AT from K, data for base metals. For weld metals, the two
measures of AT were found to be in good overall agreement., Similar
comparisons are made in Figs. 50 and 51 for the materials of the
present study. Also illustrated in each case are data from previous
irradiations of the same materials. For all four materials of the
present study, the AT from C, is found to give reasonable estimates
of the AT from K;.. The one noteworthy exception is the somewhat
large difference in 4T's for the low fluence rate (IP) irradiation of
the A 533-B Plate 23G

For the A 302-B Plate 23F, all three fluence rates from this program
yielded a similar AT relationship for the two test methods. In
contrast, the "Previous" data (from Ref. 5) indicate a disagreement
(on average 24°C) between the AT from C, and that from K;.. The
previous data on this plate were from the nominal 1/4T and 3/47T
thickness locations, whereas specimens for the current study were
taken from the plate mid-thickness (1/2T) location. On examining the
data for the unirradiated condition (see Fig. 26), the C, data for the
1/2T location shows a 41-) transition temperature which In 11°¢c (20°F)
lower than that for the 1/4T or 3/4T location, that is -15°C wvs.
-4°c, In contrast, the K;  data for the 1/2T location indicate a
100 MPa/m transition temperature (-44°C) that is 12°C (22°F) higher
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Table 4 Comparison of Transition Temperature Shifts (AT) from C, and K; .

Temperature at

Temperature Shifts et

Capsule  UBR-  Fluence 4} 3 100 MPaln 4} 3 100 MPa/n
. o TR o) %
A 302:B Plate 23F
un"r“' .. -ooo/c-.- .1’ o“ - ..
CE-1 “  0.79/0.88 43 31 58 75
CE-2 6 1.5071.64 49 33 64 7
CE-3 45 3.85/4.01 63 30 78 7%
10-1 65 0.56/0.53 29 13 4 31
1.2 75 1.22/1.02 46 s 61 53
1¢-3 % 2.23/1.98 57 40 72 84
191 38 0.54/0.87 38 16 53 60
Linde 80 Veld W8A
UBLPTad.  sr  sesefesss 23 -1 oe es
CE-1 W 0.7970.88 102 69 125 130
CE-2 6 1.50/1.64 107 80 130 141
CE-3 45 3.85/4.01 127 66 150 127
1c-1 65 0.56/0.53 82 22 105 83
16-2 75 1.2271.02 96 51 119 112
1¢-3 76 2.2371.9% 104 73 127 13
A 533-B Plate 23C
DOAPNE. |  si | sessfenss 34 83 .o .
1C-4 77 0.48/0.47 5 54 39 29
1P 38 0.54/0.57 21 7 55 %0
0091 Veld W9
Dnlread. oo cecofeess -62 -84 ‘s ‘s
1C-4 77 0.48/0.47 1 5 61 79

* 101 a/en® (E > 1MeV), with C /K.
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than that for the 1/4T or 3/4T location (-56°C). Causes for this
mismatch are not known, One would expect both test methods to
indicate a change in properties in the same direction. An accounting
of the 23°C total offset (11°C + 12°C) in the baseline properties
would bring beth sets inte better agreement.

In terms of upper shelf toughness, correlations have been developed
relating J-R curve trends to C,USE levels (Ref. 15). The cited
correlations were developed using Linde 80 weld materials only. As
fllustrated in Fig. 52, data from this program correspond well with
tae correlations from Ref. 15, further validating the utility of the
correlations.
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6. DISCUSSION

™o observod levalo of difference in noteh duetility change (or yield
strongth changs) by an “intersediate® versus “high" flusnce rate weres
not largs. Howevar, the differences appear to be of sufficlient
magnitude to warrant consideration in making judgments of material
sorvic«bility or the setting of opersting parameters. The influence of
couposition on the relative susceptibility of stesls and wald motals
to fluenca-rate effects should be qualified. Until this veriasble s
properly explored, the full importance of the present otservations to

esbrittlemsnt projection methods such as NRC Regulatory Guide 1.99
will not be known,

Additional tests of fluence-rate effects in welds should be pursued
for low {?unnccf. that s, the fluence iInterval of about
1 to 5 x 10° n/em®, since here slov fluence scoumulations (service)
appear wmore damaging than fast fluence sccumulations (test
reactors). The magnitude of the fluencoe-rate effect seen to date is
not so large as to preclude the use of accelerated (test reactor)

frradiations for screening metallurgical, irradiastion or
postirradiation annealing variables.

The reduction of the C, USE of weld WEA to & level of 50 J (and less),
while hampering the establishment of 41.) temperature, demonstrates
that ’uch levels are possible with fluences less than
4 x 10 n/cnz. The development of J.R curve dats at such low

fluences helps to validate correlations developed for Linde 80 welds
as a function of CUSE (Ref, 15).

The study has demonstrated the value of including tensile specimens
along with C, specimens, espocially if lov postirradiation C USE
leavels result, Trends in yleld strength with fluence may offer an

scceptable alternative to 4l.) temperature trend information in such
cases.

One somevhat surprising result was the very lov apparent sensitivity
of the A 302-B P};to 23F and the Linde 80 Veld WBA to fluence levels
above « 0.5 x 10 n/en® in the intermediate fluence rate irradiation
series (CE). Such an embrittlement “"platesu” was not described by the
data for the materials wvhen irradiated at the high fluence rate.

Whether or not this behavior is generic to these two material types is
uncertain at present.




7. CONCLUSIONS

The following observations and conclusions have been obtained from the
investigations to date:

Fluence -rate effects on the noteh ductility and tensile strength
properties of the ASTM A 302:3 reference plate and a hi
copper, high nickel content Linde 80 submerged arc weld deposit
vere observed.

The fluence-rate effect was aspparent for the plate at high
fluence but not low fluence. The converse wvas observed for the
weld, At high fluence, the intermediate fluence rete produced
less embrittlement than & high fluence rate for the A 302.3
plate. At low fluence, the intermediste fluence rate produced
more enbrittlement than the high fluence rate for the Linde 80
weld.,

From conclusion 2, the data suggest that the fluence-rate effect
is dependent on material type (plate or weld) or material
composition, including copper content and nickel content.

'n» apparent radiation embrittlement sensitivities of the 0.2%

com»“ reference plates were about the same at
- 0 Sx 8 lv but differed significantly at
- 3x 10 n/cn Their similarity at the lower fluence level
vas independent of fluence rate (high or low).

Fluence-rate o“oct indications from the Cy test results are
consistent with those found in tensile tests and Kjo end J-R
ourve tests.

Observed ““oumu ta pro»scy change attributable to a
fluence rate o S- -1 n/en*+8"" versus a fluence rate of
8:9 x 10* n/en‘-s" cro not considered large but could
influence data interpretations within the framework of NRC
Regulatory Guide 1.99.

An inconsistency was found in the baseline data (unirradiated
condition) ftor the A 302-B Plate 23F;, specifically, the 1/47
and 3/4T locations exhibit a higher transition temperature in C,
tests but & lower transition temperature in fracture toughness
tests compared to the 1/2T location. This observation will be
investigated further in the continuing MEA program for the NRC.
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APPENDIX A

Neutron Dosimetry Determinations:
Irradiation Assemblies UBR-38, UBR-44, UBR-4S
UBR-46, UBR-65, UBR-75, UBR-76 and UBR.77
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Fig .« A=l Irradiation  Assembly WBR=38 (Capsule A) showirg neutron
fluence~rate monitor locations.
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Table A<l Irradiation Asseably UBR.-38 Capsule A Fluence-Rate Monitor
Results (Ref. 1)

Monitor/Segment® Fluence Rate? ¢ x 1010 Monitor Location in
(Average) Specimen Array

Ald (Fe) 7.3 Between layers 1 and 2
(NL) 7.48

AlS (AgCo) 6. 364 Between layers 2 and 3

Al6 (Fe) - 7.61°* Between layers 3 and 4
(N1) 7.09

ALY (Fo) 7.96 Between layers 6 and 7
(N1) - 6.75*

AlB (AgCo) . € Between layers 8 and §

AlY (Fe) 7.95 Between layers 9 and 10
(N1) - 7.74°

See Figure A1 for monitor locii., The Fe and Ni results are based
on > 1 MeV **%U fission spectrum-averaged cross sections of 115.2 and 156.8
millibarns, respectively.

Fission spectrun assumption; n/cn’-s"' (E > 1 MeV) unless noted.

Values obtained from Ni segments are suspect because of very long
irradiation time of this assembly (years).

Thermal fluence rate corrected for epithermal neutron contributions based
on '%%Ag and **Co reaction rates and their cross sections,

Approximate value based on two of three wire se ments; one segment lost in
hot cell operation.

Not available.

Total time of irradiation: 17,35 hours

A-4




Table A-2 Irradiation Assembly UBR-38 Capsule B Fluence-Rate Monitor

Results (Ref. 1)

Monitor/Segment® Fluence Rate® ¢ x 1010 Monitor Location in
(Average) Specimen Array
Bl4 (Fe-1,2)(N4-1,2) 8.09(15.8) Specimens 23G-7 and 23F-115
(Fe-3)(NL-3) 7.24(11.9) Specimen 23G-26
(Fe-4 ,5)(NL-4,5) 6.90( 9.2) Specimens 23F-105 and 23G-3
B3 (Fe-1,2)(NL-1,2) y.84(20.1) Specimens 23F-6 and 23G-9
(Fe-3)(Ni-3) 8.85(16.9) Specimen 23F.15
(Fe-4,5)(NL-4.%) 8.39(13.0) Spezimens 23G-13 and 23F.25
B17 (Fe+1,2)(N1-1,2) 7.90(15.5) Specimens 23F-35 and 23G-1
(Fe-3)(N{-3) 6.90(11.6) Specimen 23F.45
(Fe-4,5)(NL-4.5) 6.86( 9.0) Specimens 23G-12 and 23F-95
B1S (Pe-1,2)(N1-1,2) 9.39(19.6) Specimens 23G-10 and 23F-85
(Fe-3)(Ni:3) B.43(15.4) Specimen 23G-6
(Fe-4,5)(NL-4,5) 8.11(12.3) Specimens 23F-55 and 23G-5
B12 (AgCo) - 5.029:¢ Between specimens 230-1 and
23F-65 and between specimens
23F-75 and 23G-4
Blé (AgCo) ~ 3,909 0o capsule centerline
fmmediately below bottom
specimen layer
&

See Figure A-2 for monitor loeid.

The Fe and Ni{ results are based

on > 1 MeV **% figsion spectrum-averaged cross sections of 115.2 and 156.8
nillibarns, respectively,

Fission spectrum assumption; n/em®-s"' (E > 1 MeV) unless noted,

Values obtained from Ni segments are suspect because of very long
irradiation time of this assembly (years).

Thermal fluence rate corrected for epithermal neutron contributions based
on '°%Ag and **Co reaction rates and their cross sections.

Range of measured values: 3.77 to 6.88

Total time of {rradiation: 17,354 hours
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Table A-3 Irradiation Assembly UBR-44 Capsule A Fluence-Rate Monitor
Results (Ref. 2)

Monitor/Segment® Fluence Rate® x 101 Monitor Location in
(Average) Specimen Array

(Fe) 6.09 Betveen layers 1 and 2
(81) 6.24
(AgCo) 11.07¢ Between layers 2 and 3
(Fe) 6.27 Between layers 3 and 4
(Fe) 6.57 Between layers 6 and 7
(NL) 6.57

AlS (AgCo) 13.00° Between layers 8 and 9

A20 (Fe) 6.82 Between layers 9 and 10

& See Figure A3 for monitor loeid, The Fe and Ni results are based
on > 1 MeV 8% figsion spectrum-averaged cross sections of 115.2 and 156.8
nillibarns, respectively.

Fission spectrun assumption; n/cn?-s"' (E > 1 MeV) unless noted,

Thermal fluence rate corrected for epithermal neutron contributions based
. on '*%Ag and **Co resction rates and their cross sections,

Total time of irradiation: 2,775.4 hours



Table A-4 Irradiation Assembly UBR-44 Capsule B Fluence:-Rate Monitor

Results (Ref. 2)

Monitor/Segment® Fluence Rate®'© x 1011 Monitor Location in
Specimen Array
B23 (Fe-l) .7 Specimens WEBA-32 and 23F.2
(Fe-2) 5.5 Specimen 23F-43
(Pe-3) 6.06 Specimens WBA-51 and 23F.58
222 (Fe-1), (NL-1) 7.72,(7.74)8 Specimens WBA-28 and 23F.83
(Fe+2), (NL-2) 9.20,(8.85)9 Specimen WBA-36
(Pe-3),(N1-3) 10.00,(9.67)9 Specimens 23F.102 and WBA-S50
B26 (Fes1),(Ni:1) 4.77,(6.29)¢ Specimens WBA-12 and 23F-39
(Fo+2),(NL-2) 5.56,(5.14)9 Specimen WBA-2
(Fe-3),(N1-3) 6.06,(5.76)9 Specimens 23F.-2 and W8A-16
B24 (Fe-1) 7.12 Specimens 23F-117 and WBA-26
(Fe-2) 8.47 Specimen 23F.99
(Fe-3) 9.42 Specimens WBA-47 and 23F.17
B21 (AgCo) 11,57 Between specimens WBA-22 and
23F+24 and between specimens
23F-77 and WBA- 54
B27 (AgCe ) 12.29° On capsule centerline
fmmediately below botton
specimen layer
&

See Figure A-4 for monitor loeil. The Fe and Ni results are based
on > 1 MeV %00 figsion spectrum-averaged ¢ ,ss sections of 115.2 and 156.8
nillibarns, respectively.

Fission spectrum assumption; n/ecm?-s8"' (E > 1 MeV) unless roted,

Single deternination value.

Nickel monitor value.

Thermal fluence rate corrected for epithermal neutron contributions based
on '%%Ag and **Co reaction rates and their cross sections.

Total time of irradiation: 2,775.4 hours
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Table A5 Irradiation Assenbly UBR-45 Capsule A Fluence-Rate Monitor

Monitor Location in
Specimen Arvay

Results (Ref. 3)
Monitor/Segment® Fluence Rate® x 101
(Average)
A7 (Pe) 7.19
(N1) 7.07
AS (AgCe) 19.00¢9
A9 (Fe) 7.44
AL0 (Fe) 7.73
(N1) 7.56
All (AgCo) 16.43°
Al2 (Pe) 8.03

Between layers 1 and 2

Between layers 2 and 3
Between layers 3 and &
Between layers 6 and 7

Between layers § and 9
Betveen layers 9 and 10

& See Figure A5 for monitor loeii. The Fe

and Ni{ results are based

on > 1 MeV "800 figaion spectrun-avereged cross sections of 115.2 and 156.8

millibarns, respectively.

Fission spectrum assumption; n/en®-s"' (E > 1 MeV) unless noted.

Thermal fluence rate corrected for epithermal neutron contributions based

on '*%Ag and **Co reaction rates and their cross sections.

Single determination value.

Total time of irradiation: 11,106 hours
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Teble A6 Irradiation Assembly UBR-45 Capsule B Fluence-Rate Monitor

Results (Ref. 3)

Monitor/Segment® Fluence Rate® x 10%} Moniter Lecation in
(Average) Specimen Array
Ba (Fe) 8.78 Specimens 23F-22 vo 23F.82
Bé (Fe) 7.9 Specimens WBA-49 to WEA-39
(N) 7.58
B2 (Fe) 8.7 Specimens WBA-33 vo WBA.23
(N4) .17
Bl (Fe) 7.% Specimens 23F.-44 to 23F.37
BS (AgCo) 16.96° Between specimens WBA-27 and
23F-78 and between specimens
23F-18 and WBA-29
B3 {ApCo) 14.78° On capsule centerline

fmmediately below bottom
specimen layer

& See Figure A-6 for monitor loeid.
on > 1 MeV **%U figssion spectrun-averaged cross sections of 115.2 and 156.8

nillibarns, respectively.

The Fe and Ni results are based

Fission spectrum assumption; n/em®-s"! (E > 1 MeV) unless noted,

Thermal fluence rate cerrected for epithermal neutron contributions based
on 'YPAg and **Co reaction rates and their cross sections.

Total time of irradiation:

11,106 hours
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Table A7 Irradiation Assenbly UBR.-46 Capsule A Fluence-Rate Moniter
Results (Ref, 4)

Monitor/Segment® Fluence Rate® x 101! Monitor Location in
(Average) Specimen Array

Al (Fe) 5.61 Between layers | and 2
(N1) 5.80

A2 (AgCo) 12.20° Between layers 2 and 3

Al (Fe, 5.9 Between layers 3 and &

b (Fe) 6.18 Between luyers 6 and 7
(NL) 6.16

AS (AgCo) 10, 20°¢ Between layers 8 and 9

Ab (Fe) 6.35 Between layers 9 and 10

® See Figure A7 for monitor locii. The Fe and Ni results are based
on > 1 MeV P00 figsion spectrun-averaged cross sections of 115.2 and 156.8
nillibarns, respectively.

Fission spectrun assumption; n/ea®-8"' (E > 1 MeV) unless noted,
Thermal fluence rate corrected for epithermal neutron contributions based

on '%%Ag and *%Co reaction rates and their cross sections. Single
deternination value,

Total time of irradiation: §5,596.8 hours
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Table A8 Irradiatior Assembly UBR-46 Capsule B Fluence-Rate Monitor

Results (Ref. &)

Fluence uu‘ x 10“

Monitor Location in
Specimen Array

Specimens 23F-4 to 23F.64
Specimens WBA-11 to WéA.52

Specimens WEA-35 te WBA-21

Specimens 23F-101 to 23F.23

Between specimens WBA-25 and
23F-57 and between specimens
23F-42 and VBA-9

On capsule centerline
fmnediately below specimen
layer.

Monitor/Segment®
(Average)

B23 (Fe) 6.77°
821 (Pe) 6.22

(N1) 4. 89(1)
B20 (Fe) 7.1

(N1) 7.62
819 (Fe) 5.90
822 (AgCo) 11.40%4
B24 (AgCo) 10,90¢+9
4

See Figure A-8 for wmonitor loeidl.

The Fe and Ni results are based

on > 1 MeV 0 fission spectrum-averaged cross sections of 115.2 and 156.8

sillibarns, respectively.

Fission spectrun assumption; n/ca’-s"' (E > 1 MeV) unless noted,

Single determination value.

Thermal fluence rate corrected for epithermal neutron contributions based
on '"%Ag and **Co reaction rates and their cross sections.

Total time of irradiation: 5,631.4 hours
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Table A-9 Irradiation Assembly UBR-65 Capsule A Fluence-Rate Monitor
Results (Ref. 5)

Monitor/Segment® Fluence Rate® x 1012 Moniter Location in
(Average) Specimen Array

Al (Fe) 3.R3 Specimens WBA-4 to WBA-10
(N1) 5.87
(AgCo) 3.64°

A2 (Fe) 6.76 Specimens WBA-20 to WBA-14

A3 (Fe) 6.98 Specimens WBA-24 to WBA-38
(N1) 6.90

A4 (Fe) 7.64 Specimens WBA-40 to WBA-420
(AgCo) 5.11°

Vial (P 8.26% Specimens W8A-30 and WBA-38

9.42% and between specimens 23F.67

(Fe) 7.11 and 23F-33 (diagonally)
(N1) 7.10

& Sec Figure A-9 for monitor locii. The Fe, Ni and ?°%U results are based
on > 1 MeV #3%U figgion spectrum-averaged cross sections of 115.2, 156.8
und 441 millibarns, respectively.

Fisesion spectrum assumption; n/cm?-s"! (E > 1 MeV) unless noted.

Thermal fluence rate corrected for epithermal neutron contributions based
on '°%Ag and ®%Co reaction rates and their cross sections.

Determination from **7Cs, 'O%Ru, '4%Bala and *®Zr results.

Calculated spectrum value.

Tetal time of irradiation: 154.22 hours



Table A-10 Irradiation Assembly UBR-65 Capsule B Fluence-Rate Monitor
Results (Ref. 5)

Monitor/Segment® Fluence Rate® x 1017 Monitor Location in
(Average) Specimen Array
B-1 (Fe) 7.51 Between layers 1 and 2
(AgCo) 3.75¢
B2 (Fe) 7.19 Between layers 3 and 4
(NY) 7.15
B-3 (Fe) 7.10 Between layers 5 and 6
B-4 (Fe) 7.00 Between layers 6 and 7
(NL) 6.92
B-5 (Fe) 6.80 Between layers 8 and 9
(N1) 6.75
B-6 (Fe) 6.62 Betweer layers 10 and 11
(AgCo) 3.08°
Vial (?%01) 8.659 Between layers 4 and S
(9.86)°
(Fe) 7.02
(N1) 6.97

& See Figure A-10 for monitor locii. The Fe, Ni and *'*U results are based
on > 1 MeV ?%%U figsion spectrum-averaged cross sections of 115.2, 156.8
and 441 millibarns, respectively. .

Flssion spectrum assumption; n/cm?-s"! (E > 1 MeV) unless noted.

Thermal fluence rate corrected for epithermal neutron contributions based
on '°%Ag and 5°Co reaction rates and their cross sections.

Determination from '%7Cs, 1°%Ru, '4%Bala and *52r results.

falculated spectrum value.

Total time of irradiation: 154.22 hours
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Table A-11 Irradiation Assembly UBR-75 Capeuvle A Fluence-Rate Monitor
Results (Ref. 6)

Monitor/Segment® Fluence Rate® x 1012 Monitor Location in
(Average) Specimen Array
Alé (Fe) 5.73 Specimens WBA-109 to WBA-116
(N1) 5.45
Al7 (Fe) 5.66 Specimens 23F.-68 to 23F-114
Al8 (Fe) 6.29 Specimens 23F-49 to 23F.92
AlS (Fe) 6.21 Specimens WBA-119 to WBA-128
A20 (Fe) 6.62 Specimens WBA-134 to WBA-103
(N1) 6.28
A21 (Fe) 6.65 Specimens 23F-27 to 23F-87
A22 (Fe) 7.05 Specimens 23F-31 to 23F.109
A23 (Fe) 7.07 Specimens WBA-114 to WBA-144
(AgCo) 4.86°
Vial (280 8.13¢ Between specimens 23F-54 and
(9.27)® 23F-87 and between specimens
(Fe) 6.58 WBA-129 and WBA-103
(N1) 6.48 (diagonally)

® See Figure A-11 for monitor locii. The Fe, Ni and ?°*U results are based
on > 1 MeV 2381 figsion spectrum-averaged cross sections of 115.2, 156.8
and 441 millibarns, respectively.

Fission spectrum assumption; n/cm?-s8"! (E > 1 MeV) unless noted.

Thermal fluence rate corrected for epithermal neutron contributions based
on %% and %°Co reaction rates and their cross sections.

9 Determination from 137Cg, 108%Ry, 140Bala and *2Zr results.

Calculated spectrum value.

Total time of irradiation: 308.22 hours
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Table A-12 Irradiation Asseubly UBR-75 Capsule B Fluence-Rate Monitor
Results (Ref, 6)

Monitor/Segment® Fluence Rate® x 1032 Monitor Location in
(Average) Specimen Array
B25 (Fe) 6.85 Between layers 1 and 2
(AgCd) 3.72¢
B26 (Fe) 6.67 Butween layers 3 and 4
(N1) 6.44
B27 (Fe) ., 6.58 Between layers 6 and 7
(NL) 6.27
B28 (Fe) 6.35 Between layers 8 and 9
(AgCo) 3.13¢
B29 (Fe) 6.29 Between layers 10 and 11
(NL) 6.05
B30 (Fe) 6.25 Below layer 12
(NY) 5.98
Vial (2%%y) 8.33¢ Between layers 4 and 5
(9.50)®
(Fe) 6.63
(N1) 6.56

® See Figure A-12 for monitor locii, The Fe, Ni and ?°°U results are based
on > 1 MeV ?%%U fi{ssion spectrum-averaged cross sections of 115.2, 156.8
and 441 millibarns, respectively.

Fission spectrum assumption; n/cm?-s"' (E > 1 MeV) unless noted.

Thermal fluence rate corrected for epithermal neutron contributions based
on '%%Ag and #%Co reaction rates and their cross sections.

Determination from **7Cs, 1°%Ry, 140Ba4la and *52Zr results.

Calculated spectrum value.

Total time of irradiation: 308.22 hours
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Teble A-13 Irradiation Assembly UBR-76 Capsule A Fluence-Rate Monitor
Results (Ref. 6)

L3

Monitor/Segment® Fluence Rate® x 1012 Monitor Location in
(Average) Specimen Array

A32 (Fe) 5.33 Specimens WBA-100 to WBA-107
(N1) 5.00

A33 (Fe) 3.8 Specimens 23F-69 to 23F-112

A35 (Fe) 5.95 Specimens 23F-47 to 23F.93

A36 (Fe) 5.88 Specimens WBA-110 to WBA-118

A38 (Fe) 6.51 Specimens WBA-125 to WBA-138
(NL) 6.22

A37 (Fe) 6.44 Specimens 23F-28 to 23F-88

A39 (Fe) 7.07 Specimens WBA-105 to WBA-135
(AgCo) 4.08°

Vial (288 8.259 Between specimens WBA-120 and

(9.41)® WBA-138 and between specimens

(Fe) i | 23F-51 and 23F-88
(N1) 6.43

® See Figure A-13 for monitor locii. The Fe, Ni and ?°*U results are based
on > 1 MeV ?%*U fission spectrum-averaged cross sections of 115.2, 156.8
and 441 millibarns, respectively,.

b Fission spectrum assumption; n/cm®-8"! (E > 1 MeV) unless noted.

€ Thermal fluence rate corrected for epithermal neutron contributions based
on 1°%,g and *%Co reaction rates and their cross sections.

4 Determination from 187Cg, 10%Ru, '4%Bala and *%2r results.

3

Calculated spectrum value.

Total time of irradiation: 616.04 hours

A-34



Table A-14 Irradiation Assembly UBR-76 Capsule B Fluence-Rate Monitor

Results (Ref. 6)

Monitor/Segment® Fluence Rate® x 1012 Monitor Location in
(Average) Specimen Array
Bl (Fa) 7.32 Between layers 1 and 2
(AgCo) 4,579
B2 (Fe) 7.10 Between layers 3 and 4
(N1) 6.87
B3 (Fe) 7.02 Between layers 6 and 7
(NL) 6.70
B4 (Fe) 6.92 Between layevrs 8 and 9
(AgCo) 2.86°
BS (Fe) 6.75 Between layers 10 and 11
(N1) 6.57
Vial (200y) 9.20° Between layers 4 and 5
(10.45)f
(Fe) 7.00
(N{) 6,.95

See Figure A-14 for monitor lecii., The Fe, Ni and ?%*U results are based
on > 1 MeV ?**U figsion spectrum-averaged cross sections of 115.2, 156.8
and 441 millibarns, respectively.

Fission spectrum assumption; n/cm®-s"! (E > 1 MeV) unless noted,

Thermal fluence rate corrected for epithermal neutron contributions based
on '%%Ag and *Co reaction rates and their cross sections.

Single determination value.

Determination from '*'Cs, '°%Ru, '*°Bala and *fZr results.

Calcvlated spectrum value.

Total time of {irradiation:

616,04 hours
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Table A-15 Irradiation Assembly UBR-77 Capsule A Fluence-Rate Monitor

Results (Ref., 7)

Monitor/Segment® Fluence Rate® x 102 Monitor Location in
(Average) Specimen Array
Al (Fe) 5.75 Between layers 1 and 2
(NL) 5.66
A2 (Fe) 5.96 Between layers 3 and 4
(AgCo) 2.75¢
A3 (Fe) 6.03 Between layers 5 and 6
(NY) 5.97
Ab (Fe) 6.38 Between layers 8 and 9
(N1) 6.25
AS (Fe) 6.50 Between layers 10 and 11
(AgCo) 2.92¢
(Cu) 5.46
Ab (Fe) 6.71 Between layers 12 and 13
(NL) 6.59
Vial (288 7.649 Between layers 6 and 7
(8.71)®
(Fe) 6.33
(N1) 6.26

See Figure A-15 for monitor locii. The Fe, Ni, Cu and ?*%U results are
based on > 1 MeV ?*%U figsion spectrum-averaged cross sections of 115.2,
156.8, 0.867 and 441 millibarns, respectively.

Fission spectrum assumption; n/cm?-s"! (E > 1 MeV) unless noted.

Thermal fluence rate corrected for epithermal neutron contributions based
on '°%Ag and #%°Co reaction rates and their cross sections.

Determination from *37Cs, 1°%Ry, 14%Bala and *%2r results.

Calculated spectrum value.

Total time of irradiation: 139.00 hours
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Table A-16 Irradiation Assembly UBR-77 Capsule B Fluence-Rate Monitor
Results (Ref. 7)

Monitor/Segment® Fluence Rate® x 1012 Monitor Location in
(Average) Specimen Array

B8 (Fe) 6.88 Specimens W9A-71 to 23G-27
(N1) 6.71 y

B9 (Fe) 6.54 Specimens W9A-69 to 23G-30
(N1) 6.43

B10 (Fe) 6.19 Specimens WI9A-64 to 23G-32
(AgCo) 2.n*

Vial (%0 7.649 Between specimens W9A-65 and

(8.71)* WIA-75 and between specimens

(Fe) 6.39 23G-219 and 23G-24
(N1) 6.30 (diagonally)

® See Figure A-16 for monitor locii. The Fe, Ni and ?°U results are based
on > 1 MeV ?%%U figsion spectrum-averaged cross sections of 115.2, 156.8
and 441 millibarns, respectively.

Fission spectrum assumption; n/cm?-s8"! (E > 1 MeV) unless noted.

Thermal fluence rate corrected for epithermal neutron contributions based
on 19%Ag and #%Co reaction rates and thelr cross sections.

Determination from '*7Cs, '9%Ru, '4°Bala and *®2r results.

Calculated spectrum value.

Total time of irradiation: 139.00 hours

A=40
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APPENDIX B

Reactor Operations History:
Irrediation Assemblies UBR-38, UBR-44, UBR-45, UBR-46
UBR-65, UBR-75, UBR-76, AND UBR-77



EXPOSURE HISTORY:

U 20

EXPOSURE

DATE IN | TIME IN | DATE OUT | TDME OUT S1GMA CORE
izl =8 U8 L 2-22-8) 2919 16.07 16.07 | Reflector 16" S.P. |
2222283 1068 2:2)-83 1800 2120 42.31
EESTHTE BT AT 2128 | 83,08 |

2-27-83 1720 2+28-8) 0850 15,50 100, 85 |

2-28-8) 0917 2-28-8) 1827 9.17 109.72 |

2-28-83 1854 3-1-83 1414 19.33 129.08 |

3= 183 1643 3= 1-83 2362 8.98 138.03
-0 . 0010 302083 1300 12.83 150.86

3-2-83 1345 3-4-83 1018 4450 195.36
| 3-6-83 1202 | 3.7-83 1040 17,63 212.99
-0 1060 1 _23-7-83 8.40 221.39
|dazo8 2000 | 23-7-83 | 2100 Q.95 222,34 |
{22283 2000 1 23-7-83 [ 2330 2.50 224.8" |

S L 2330, A=8-83 L 0100 Las 226,19 ‘

1883 0100 =881 1218 1128 232 .44 !
L 1218 A=8=81 LS L3S 238,29 l

3-8-83 1348 3-11-83 0800 | g6.0¢ 308.04 |

3-11-83 0828 3-11-83 1123 .46 306. 50 f
_2-1)-83 1149 | 3-11-8) 1222 .32 | 206,82 |

3-13-83 1221 3-13-83 2209 4.80 2
| 2-13-83 20 | 3-16-83 | 18 lé 58 226.20 |
[ sl4=83 1422 |__3-18-83 1052 92,42 418,62 |

3=20-81 1208 3=24-81 1200 90,92 500,54 '

3-27-83 1616 3-28-8) 0945 17,48 822,02 >
(3-28-83 L106 =28~ 1320 2.23 528,28 |

3-28-83 418 4~ |83 1200 93.70 622.95 |

L=5-8) 1084 L~B8-8) 1200 73.10 £96.05

4=10-83 1655 4=11-83 1930 26.58 722.63

4=11-83 2017 4-15-83 0830 84.22 806.8%5

4-17-83 1212 4-18-8) 1200 19.80 _B26.85

4-18-83 1258 4-19-83 | 2103 Al 13 857.78

4=19-83 | 2217 4-20-831 1026 12,12 869.90

4=20-83 1054 4-22-83 1300 30.10 $20.00

4=24-83 1201 4-26-8) 1630 42,48 | _ 967,48
82683 1240 4-28-81 2600 43 1% 1010 4L |
| 4-28-87 1510 4-29-83 1000 18.50 1029. 11




EXPOSURE WISTORY: ___ usp 38

TIME IN | DATE OUT | TIME OUT
§e =83 1707 5-2-83 0930 16.38 1045.49
$-2-83 0954 5-6-83 1000 96. 10 141,89 | ’
S5-8-83 165 5=13-83 0900 112,12 1253.71
| $-18-83 1630 $-18-8) 2300 8.8 1332.21
L H) 1633 3-26-83 0223 81.47 1413.68
. 5=26-80 0212 3:27-83 1030 L 2178 | 1445.46
| S=21-8 1248 : 0043 | _ 38.97 130643
| 6=1-81 0204 | 6-3-83 oo L 893 1512.26
fie 881 1642 £=10-83 0800 111,28 1624 . 64
§-12-83 1§56 | 6-16-83 1600 93.1 1717.74
_§-19-83 1218 | §-2¢-83 0900 111.7 1829 44
f=26-83 1220 1-1-83 1200 116.7 1944 . 14 |
2-5-83 0084 1-1-83 1634 84,48 2008 60 |
7e7-83 1726 7-8-83 1045 17.32 2025.92 |
7-10-83 1736 1 15-83 1200 116. 10 2140.02 |
1-12-83 1703 1=20-83 1018 65.20 2208. 22 J
7-20-83 1100 1-22-83 1200 49.00 2254.22 ’
| 7-24-83 1700 1-26-83 1800 49.00 |  2303.22 |
122681 1836 1-27-03 ] 16,40 2319.62 ;
o J=27=81 1202 1=20-83 1200 48.00 2267.62 |
1-31-83 1208 §-5-83 110.92 2678.54 ‘
§-5-83 1206 | 8-s-83 126 0.43 2678.97 |
|_£e7-83 1206 | g-11-m3 o800 | 867y | 286874 Wik
[ A=11-81 0912 B-12-83 1200 26,38 2892.12 ‘
B l4-81 1200 A= 19-83 1000 113,00 2209.12 ‘
B=21-81 1200 Be25-81 150 94,10 | 2803.22 |
8-28-83 1743 8-11-83 1526 _ 697 269152 | South Refihcrar 2
8-31-83 1600 9-1-83 1430 19.50 291102
9~ (=83 1222 | 9-2-83 0150 .22 2924.24
9-2-83 0300 9-2-83 1000 21.00 293124
180° _ROTATION
9-6-83 0050 9-9-83 0800 29 .12 2010 41
9-11-83 1212 9-16-8) 1200 di6.8 | 312821 |
9-18-83 1659 1 9-23-83 0900 112,00 223221 |
| 9=-25-82 1608 9-30-~83 0900 LLLBA 1149 02 ‘
10-2-83 1700 10=5-8) 1030 65.50 34.164.57




EXPOSURE HISTORY: UBK 38

DATE IN TIME IN DATE OUT TIME OUT | EXPOSURE SIGMA CORE
10-5-83 1159 10-7-83 1045 “6.77 3661.34
10-9-83 1723 10=11~8) 0800 110,55 3571.89
10-16-83 1718 10=21-83 0830 111,28 3683, 14
| __10~23-83 1648 10-28-83 0800 111,20 3794 .34
10-30-83 1709 {1=4~81 0900 111,85 1906. 19
11=6-83 1710 |1=7-83 1200 18.8) 3925.02
Jl=1-8] 1262 11~10-83 1400 72.30 3997.32
=13-83 1700 |1=14=8) 0845 15.78 4013.07
el 14 ~82 Q9238 I=12-83 1 02350 65.20 4078.27
=1l= 0312 11=17-83 1600 12.80 4091.07
ll=17-83 1658 1l=18~ 0900 16.08 4107.15
LUs22=81 165 Ll=30-83 1630 162 4128011
12-1-83 0033 12-2-83 1000 21.42 4200.19
12=4=83 1210 126~ 1109 42.00 4262.19
ldzf=82 -ITY \2-7-82 (120 29,77 4271.96
12-1-83 1200 12-9-83 0800 664,00 | 4J315.96
J2:11-83 1900 12:16-83 1000 L 4426.96
L J2=-18-83 1213 12-20-83 0218 23.90 L460.86
12=20-83 0307 |2-22-83 0900 12,88 4538.74
12-26-83 1623 12-29-83 2330 79.12 4617.86
1=2-84 1604 |=6=84 2600 55.9 4623.79
L l=5-84 1013 1=5-84 940 9.48 LB6B1. 24
[=5-84 2043 |=6-84 1300 16,28 4699.52
|=8-84 1651 |=9-84 1000 17,15 4716.67
e =9=84 1035 1= 13-84 1100 96.8) 4813.50
|=15-84 1653 I~ 16-84 0000 7.12 4820.62
el 1884 Q000 1 1-19-84 1509 87.15 4907.77
= 19-84 1600 1=20-84 1030 18.50 £926.27
2284 J64 | 1=27-86 | __ 0800 11i.32 5037.59
22984 L1632 | 1-30-84 1700 26.13 5061.72
1=10-84 1838 2-1-84 1230 89.86 2151.59
2-5-84 1655 2-10-84 1200 115.08 5266.67
2-12-84 1647 2-17-84 1002 113.25 5319.92
~20-84 48 2-23-84 1450 20,01 8544995
| a2)=84 1544 224284 1030 816 546872




EXPOSURE HISTORY: UBR A8
IN DATE OUY | TIME OUT | EXPOSURE S1GMA CORE
DATE IN TIME . NOTES
2-26-84 1208 | 2-28-84 | 0700 31.90 5506.62
2-29-34 1106 2:29-84 1900 1.99 $514.852
222084 2002 3-2-84 1500 42.97 $557.49
—L T 1212 —azd=B4 1000 16,80 2376.29
actemd | 1022 | 3-6-84 o800 | 2160 |  5993.92
[ D-6-84 0826 J-8-84 2200 61.57 5657.49
- LT 2240 2-9-04 1000 1.3 2668.82
BOTATED [ 180° 2-9-84
- T 1200 2o16=86 L 0030 L3 2780.32
3-13-86 1700 a8 1318 0.3 285062
-1 1210 2:22-84 J30 2030 2087095
-1 0 T ___un._r_m_u- S L840 8.183 288916
L3 L. T 1639 1=20-84 0830 L2 600066
RS T 1659 Az2-84 1200 22.00 502266
| 4-2-84 1828 | ¢-6-84 0800 88.62
| bz8-8¢ 1629 4=10=-86 . 0800 42,23 £130.423
b2 10=86 0820 4=13=84, 0900 12,30 £222.9) .
| 4-15-8¢ 1649 | 4=20-84 aso L uuia L sa |
4=22-8¢ 1630 4=27-84 0800 L2 ALLS.28
| 4=20-84 1650 $=2-84 1500 20,83 §316.11 ‘
|_8-2-8¢ 1520 | sqope | omoo | soss | essese | T |
r_}g-k 1319 S=4-B4 1610 0.85 $352.351
bl 1636 1 J=9-84 0000 22.10 £612.61
fetn 2286 Q019 2-10-86 0800 2l £644.29
b Q=86 1226 . 2=10=84 1830 107 £662.26 .
| S=ll-84 1230 5=11-84 1240 0.12 £665.53
S=13-84 1200 5-17-84 0800 82.00 §132.53 |
S=18-84 14531 5= 18-84 1523 Q.82 £233.20 |
[_S5-20-84 1708 $-20-84 1249 0.23 £213.93
| __$-20-84 1822 $-23-84 0230 56.08 6289 98
| __3-22-84 0254 5=23-84 2200 1910 £809.08
| 2229-04 J025 fo1=86 Q800 £9 .56 LB28 64
5-3-84 1663 b=1-84 2200 101,28 £979.92
b= |0=84 1646 6-15-84 0800 111.23 7091. 185
b-17-84 1705 6-17-84 1745 0.67 2091.82
6= 1784 1817 b-18-84 0123 220 7099.02

B-4



EXPOSURE HISTORY:

LBk 28

6-18-84 01856 6-18-84 J312 1130 211032
[ 6-18-84 d260 L 6-20-d¢ 1 uzes | s208 | 216240
§-20-84 1906 §-21-84 2600 28.90 7191.30
62080 1650 { 6-29-84 |  01)8 | 10825 | 729635
7o 1=84 1653 1-3-84 2300 54,12 7350.67
1-5-84 0054 1-6-84 1623 37.48 7388.13
1886 1230 1:10-84 208 | 51.38 243953
1=10-84 2150 L 2-13-86 | 1200 52,17 1 2501,20
- TR L2106 l=19-86 2300 10120 2803.60
| 2=22-R4 1654 1-22-84 1200 118,10 1218.20
7=29-84 1654 8-3-84 0900 111.90 7830.60
8-3-84 1739 =9-86 1 1900 92,35 2921.9%
8-9-84 2023 8-10-84 Q815 LL.Ja2 21919 .32
| 8-10-84 J0¢9 §-10-84 1219 150 194082
8-12-84 1654 B-12-84 2000 .10 7963.92
[ 8=12-86 | 2060 | B8-16-84 1600 8023 | 8033.2%
8- 16-86 1538 §-16-84 1252 2.23
8-22-84 1300 B-26-84 1S18 30.25 8085.72
__B8-26-84 1200 B=11-8¢ 1222 115,26 | 8201.1)
L Se4-84 0082 9-1-84 1400 B5.13 8286.24
9-9-84 1649 9-13-84 0020 | _ 80.1% 8366.39
2o10-84 Q3L 31484 0900 aL.82. fa96.2]
0= 16-86 1653 9-21-84 _0800 12 £505.33
9=-23-84 1230 9-27-84 1230 91.00 £596.23
-0 . 1400 9=28-84 "y 2L.68_ 8618.0]
[ 9=10-84 1201 10-1-84 0930 16.50 863651
[ 10-1-84 2121 J0-5-84 0800 92.65 B222.16
ptQeZefb L1658 1 _10-10-84 2130 26,31 £803.69
10-10-84 2229 10-12-84 1500 19,38 B843.04
| 10-16-84 1209 10-15-84 1300 19,85 AR62 89
__10-15-84 1361 1 10-15-84 1600 0.32 886121
10-15-84 16434 10-18-84 1300 20,43 8911 64
10-18-84 1618 10-19-84 1400 24,30 8952 94
10-21-84 1652 1 10-26-84 0800 Lraa 9068.97
hel0=26-84 JBOIATED L 180°
__10-28-84 1659 10=30~84 1900 50.12 9119.09




EXPOSURE MISTORY: _____ _UBR 38

DATE OUT

TIME IN

10-30-84 | 2030 11-2-84 1118 9181.84
I1=6=84 1717 | |~9-84 1130 114,22 9296.06
Ll=11~84 1808 11=12-84 1339 19.52 §315.58
Ll=12-84 1402 11=16-84 0800 89.97 9405.55
L L1=18-84 1738 11=21-84 2300 77.37 9482.92
~ 1231 L1=30-84 1200 |14.48 9597.40
| 2:2-84 1222 J2=4-84 Q114 22,81 | 9635.2)
|__12-4-8¢ 1008 12-5-84 1119 28.26 9660.45
L J12-%-84 1140 12-6-84 1615 26.58 9687.03
L J2-6-84 1640 12-1-84 1233 21.88 9708.91
| J2-9-84 1758 12-164-84 0800 110.03 9818.94
_12-16-84 1280 12=21-84 0800 110. 16 9929.10
ed2 2288 0054 J=4=83 0000 25,10 2985.20
|=6-85 1763 |=11-88 1000 113.28 | 1009848
|=13-85 1246 |~ 16=85 1900 22.23 10121.21
|- 16-85 2006 1=17-88 1300 16.90 | 10188.61
[=17-88 1530 |=17-88 1218 125 | 10190.36
|=17-8S 1248 |- 18-85 1200 18.28 10208.61
| 1-28-8%¢ 0627 |=25-8% 0945 1,30 1021191 |
|=25-88 1018 [=25-8% 1820 5,08 10216.99 '
1=27-8% 1658 |=28-85 0830 15,53 10212 82
I.z!-'i m 2= 1=-885 1900 99 20 10111.22
2-1=8% 1221 2:-8-85 1100 LIS 68 104422 ‘
2-10-85 1718 2-11-85 1100, 12.70 10465.02 :
2-11-85 1130 2-15-85 (830 100,00 1086507 l
2-17-8% 1802 | 2.27-8% 1000 112.00 10622 02 f
2-24-8% 1644 2+26-85 1300 64.27 10721.34 |
.2:26-85 | 1408 2-27-8% 0109 11.02 10732.36
2-27-85 0136 2-27-85 0544 6.13 10736.49
| 2-27-85 0604 2-27-8% 1108 $.02 10741.51
|_3-27-83 1356 2-27-85% 1717 3.38 10744 .86
2-27-85 1758 2-28-85 1100 17.03 1076 1.89
2-28-85 1218 3= 1-85 1010 21.61 10783. 50
3-2-85 1725 3-8-85 0900 111.58 10895 .08
1-8-8% 1110 1-9-85 1128 028 1089511 |
|
J

B~6



EXPOSURE MISTORY: ___ uap 38

DATE IN TIME IN DATE OUT TIME OUT
2.5 10897.86
3~10-8% 1720 3= 15-8% 0800 110,66 11008.52
(L 3=17-85 1726 J-18-8% D254 15.46 J1023.98
[ 2-18-83 1036 3-18-85 2045 10,15 11036.13
- 2200 3:21-83 2028 20,62 | 1110373
- aldl 2:22-82 600 £.28 Lille 12
d=22-88 L 16S4 1 3.22-8¢ 180 0.28 QL6 61
_— U 122 1-28-85 D437 82,60 L1198.01
(W11 Q318 d=28=03 1 10AS L ___ S.48
|2=28:-85 1149 1:29-85 oo | 238 [ 11226 64
=dl=82 1223 4=1-83 0200 Bl S8 1 __LI288.22
b-3-83 LLL& b-3-83 0000 1 __45.22 L12331.99
b=7-85 1200 4=10-85 0818 51,25 113922
4= 10-85 1054 4=1]=8S 0900 22.10 10410, 34
b=1|-85 1220 b=12-8% 1100 2262 1 11442 01
4=13-83 2058 L=13=85 Q133 0S8
b=14-85 1730 4-19-85 0913 1,72 1155631
b-19-85 2009 4-19-85 2021 0.20 11934.51
b=21-85 | 1228 | 4-26-B% §3.18 11617.69
otz 26282 Q908 | 6-25-83 2062 23,31 L1622.26
4=25-8% 2122 4=26-85 0640 030 L1662, 56
4-28-8% 1732 3=3-835 Q7 109,47 112722.03
3=2-85 1287 5-3-8% 1336 0.65 L1272.68
5-5-85 1640 5-6-85 1551 22,18 1 _1179%.86
ot f=8S3 2209 5=9-85 Q830 58,25 L1854, 21
—a=2=88 1088 | S-10-8% 0221 20.43 Ll
et Q=88 | 1650 | S-10-8% 121 0.82 A1828.51
—Ss12-85 1261 $-16-85 1200 90,132 L1945 83
3=~19-8%5 1653 5-264~85 0900 L1215 12027 98
s=28-82 Q100 2x20-85 L1600 | 61,00 | 12138, 98
| $-30-R3 1233 5-30-85 1913 L& 12140, 68
a=dQ=83 L2000 | S-3/-8% 1440 18 62 12159 .12
|_8=2-8% 1800 =1-8% 0900 11000 1222032
| 6-9-8% 1220 £-11-85 02158 22,92 12303.24,
b=ll-RS 0824 £=11-8% 1500 S4 60 12162 84 {
6-13-85 1600 6-16-8%5 0820 15,50 | 12379 .34 ‘
)




EXPOSURE MISTORY: __ _________wuag A8

TIME IN DATE OUT TIME OUT | EXPOSURE CORE |
6~ 16-85 1837 6= 18-85 1000 39.3¢ 124 18,72
6~ 18-85 1N38 6-21-8% 1015 71,67 12690.39
_5-23-83 1732 6-268-8% 0900 111,47 12601,86
| 5=30-85 1726 1-3-83 2300 17.58 12679.44
=103 1236 1-10-85 [ 1030 64.90 | 12744.3¢
1-10-83 1110 7-12-85 0830 45.33 12789.67
1-12-88 1832 J-12-83 1910 0.30 12789.57
1-16~83 1637 1-18-85 . 1127 $0.50 12800.47
1-18-8% 1210 1-19-8% —ll20 2).16 12903.63
1-21=8% 1209 1=21=8%5 2006 .2 12906.386
1=21-8% 2019 1-24~-8% 1538 bb.82 12972.51
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1-8-84 1681 =984 1000 17,18 | 2296.78
1=9-84 1033 |« 1384 1100 ss.83 | 230361 |
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2-5-84 1685 2-10-84 | 1200 L1108 | 2846.28
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2-20-84 1648 2-23-84 1430 20.03 | 3030.06
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" 226 21088 | onse ! 1362
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EXPOSURE 1STORY: JMEALS ALD

DATE IN TINE IN DATE OUT | TIME OUT } EXFOSURE S1GMA
1-28-86 75 A & b inte C-2
| 23786 1 1730 0126 1200 14,3 14,8

tm 1710 8-5-86 oo | 4483 159,33
mm.itw ‘ '

1438 0-8-86 1000 67.42 226.7%

- 1654 8-11-86 2226 29,53 256.28
= 1350 8-13-86 2312 .37 263,65
1656 B-19-86 1330 4.8 308, 22

m.m.*m
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AFPENDIX C
Tabulations of Charpy-V Noteh Ductility Test Results



A bl
T s,
{3 v- Iﬁl““hﬁ! &'J?. \
1 o el
¥ v

T R S p—

L X
de o ag — B —— T



A 302-F Plate 23F (Unirradiated Condition; L=T Orientation)

No, Specimen Layer Captule Y!!\ I¥¥'g Energy 1 : Shear
Number (fL=1b Cmm mils %
| 149 1 co- -29 -20 29.8 22.9 .56 22 <100
2 38 1 e -23 -10 32.9 24,0 .71 28 <109
3 174 1 - -? 20 $8.6 41,0 0.89 3% <100
« 1 1 oo -1 30 81,8 38.0 0.89 3% i@
-] 191 1 - 16 €0 81.3 €0.0 1.32 82 <100
€ 4 1 e 38 100 113.9 84.0 1.83 72 <100
? 173 1 - 93 200 127. 4 94.0 1.88 T4 100
& 37 1 co- 204 400 124.7 92.90 1.96 7? 100
] 192 1 - 204 400 124,7 $2.0 1.83 72 100

D) = Not Determined
(NT) = Not Tested



A B33-F Plate 23C (Unirradiated Condition} T=L Orfentationde

No., Specimen Layer Capsule [ % Qy L’g, Exp. Shear
Number !8§ !'g t=1b) (miis) %)
1 TA-¢ la con ~62 -80 10.8 8.0 0.13 <100
e TA=-19 1 we- -62 -80 6.8 $.0 e.10@ 4 <108
3 TRA=% 1 it ~40 ~40 38.0. 28,0 0.9%3 ¢l <100
“ TA=19 1 c-- -49 -40 33.9 2%.0 0.64 e <lee
-] TR=4 1 woo -18 [ €6.4 49.0 8.99 39 <l1ee
€ TR=1? 1 e -18 (4] 48.8 36.9 .76 59 <100
? TA=-? i cow -1 30 $2.2 68.0 1.3?7 54 <108
. T..“ ‘ *=e -l 3. 7!.’ 5‘.. 1.14 ‘s <"°
9 TA=-3 1 o 44 ¢ 132.9 98.0 1,68 (-] clee
10 TA=18 1 kel 27 80 141.0 104,0 1.78 €9 <100
11 TR=-€1 1 eew 71 163 191.9 $7.0 1.83 7e 100
12 TR-8@ 1 com 71 160 1856.6 117.90 1.91 t4 -] 100
13 LB 1 .- 93 200 143.7 106.0 1.78 7e 100
14 TR«~16 1 e 93 200 198.6 117.0 1.8% 73 100
19 TR-8 1 eee 121 2%0 18¢.% 111.0 1.91 78 100
i6 TR=2 1 - 160 320 127. 4 94.0 1.78 €9 100
1?7 TRA=13 1 ne 160 220 183.2 113.0 1.88 74 100
18 TA-20 1 e 160 320 1€6.8 123.0 2.01 79 iee
19 TR4-8 3 eee -40 -4R 14.2 11.0 0.28 11 ciee
20 TR4~1 2b - -18 %] 61. 4%5.0 .94 37 <1ee
21 THR4=~% 2 kel 27 80 109.8 81.0 1.88 €1 <108
22 TRé~4 3¢ owe 204 400 134.2 99.0 1.63 €4 100
23 Th4-9 2 ene 204 400 191.9 xxg.o 1.8% 73 100
# - Also MEA Code TA.
a ~ One layer adbove 174 T plane.
b -~ One layer above 374 T plane,
¢ ~ One layer below 374 T plane.



Code WBA (Unirradiated Condition)

No. Specimen Layer Capsule 1 T ‘g,r“ L,;, |x¥, Shoar
Numper 2!!§ (!'> t- mm (milsd (%)

1 “ “ - - ~4@ -40 19.0 14.0 .33 13 $
2 11 11 - -40 -40 24.4 18.0 0.43 1? S
3 30 € i -23 ~10 388.3 26.0 (ND)D (NDD cone
“ R 9 el ~23 -10 43,4 2.0 (NDD (NDD -
] $ $ vow -18 (<] 48.8 36.0 0,94 37 -
€ 12 12 cee -18 (3] 43.4 32.0 .79 31 20
7 ‘. € hadi s B 40 823’ 39.0 (ND) (ND) ceane
8 3 3 ew 27 ee 86.9 42,0 1.09 43 4%
9 10 i@ e 44 80 40.7 30.0 0.74 29 3%
i@ € € —ew 49 120 70.9% $2.0 1.27 s 80
11 i 1 cow 49 120 63.7 47.9 1.19 a7 60
12 s e cew 93 200 81.3 60.0 1.89% €! 109
13 ] 9 - 93 200 78.9 S€.0 1.47 o8 100
14 19 3 e 204 400 76.6 $6.90 1.68 (13 100
198 22 10 ees 204 400 78.6 $8.0 1.82 €0 109



Code WPAR (Unirradiated Condition)

No. Specimern Laver Capsule Test T ‘n%r‘g 591, |?¥, Shear
Number z!ss !!Fg J) t~- mm tmi1s) (%)

1 S S s -62 ~80 39.3 2%.0 0.7 <8 20
2 19 3 cew -62 ~80 38.0 28,0 0.64 29 19
3 3 3 wee ~46 -%0 71.9 3.9 1.09 a5 1
4 19 7 el ~46 -%0 67.8 0.0 1.07 42 20
S 18 4 et 24 78 130.2 96.0 1.88% 73 e
€ 27 3 ooe 24 78 149.1 110,90 1.96 77 9
4 € € el 71 160 194.6 114,090 2.18 8é 100
G 16 4 coe 204 400 169.9 12%.0 2.21 er 180
9 29 $ g 204 400 169.% 12%.0 2.21 er iee
1@ 3% 1 oo 204 400 168.1 124,080 2.16 8% 100



Charpy-V Data from Irradistion Assembly UBR-38

(Reflector Region Irradiation)



A 302~F (UBR-38, Capsule A, As~Irradiated) (IP~1)

No. Specimen Layer Capsule Test T X Shear
Number 2*85 !!i; ( t=1b Cmm mils) (%)
1 169 38~A “ 40 20.3 195.0 0.46 18 <100
2 168 38-RA 21 70 19.0 14,0 0.36 14 <1ee
3 $8 38R 29 83 36.6 27.0 0.€9 27 <100
4 106 38-R 32 S0 38.90 28.0 2.64 2% <100
S 188 38-R 38 100 36.6 27.0 .71 28 <100
€ 130 38-A &€ 118 62.4 4€.90 8.91 3é <100
? 108 38-A $4q 130 63.7 47.0" 1.02 40 <1ee
8 109 38-RA (Y] 140 63.7 47.9 1.19 47 <1ee
9 11 38-A €6 158 $8.3 43,90 1.082 40 <108
10 1?71 38-R 74 169 120.7 89.90 1.9% 61 100
11 133 38-R 82 180 97.6 72.90 1.98 61 <1oe
12 12 38-A 93 200 112.9 83.0 1.68 €t <lee
13 36 38-R 138 280 118.9 87.0 2.01 79 <108
14 170 38-A 182 3680 111.2 82.0 1.98 78 100
8- 131 38R 294 400 118.2 8%.0 1.69 £ 100

(ND)> = Mot Determined
(NT) = Not Tested

C=7



A S33-F Plate 23 C (UBR-38, Capsule R, As~lrradiasted) [IP~1)

No. Specimen Capsule T T ray Leg, !xv, Shear
Number < (°F) < t=1b) Cmm (mils) %
1 198 38-A -18 @ 10.8 8.0 (ND) (ND <1ee
2 196 38-A 4 40 32.9 24.0 0.46 18 <198
3 182 38-A 19 S0 7.1 20.0 0.4 16 <100
4 183 38-R 16 (1] 385.3 2€6.0 0.61 24 <100
- 202 38-A 21 7e 32.% 24.0 8.61 24 <100
€ 198 28-A 24 4] $4.2 490.90 0.7¢ 30 <1ee
? 181 38-A 32 90 $6.9 42.0 .86 34 <100
€ 186 38-A 38 108 $0.2 37.0 0.81 32 100
] 206 38~R 82 12% ?77.3 $7.0 1.12 44 <100
10 188 38~A (X3 150 81.3 €0.0 1.12 4 <109
11 189 38-A 71 160 69.1 $1.0 1.04 41 <108
12 200 38-A BE 190 97.8 72.1 1.78 €9 <100
13 192 38-RA 149 300 142.4 109,90 1.60 63 100
14 204 38-A 1?7? 3%0 13%.6 100.0 2.36 93 100
19 194 38-A 204 400 139.6 103.0 2.03 80 . 100

(ND) = Not Determined
(NT) = Not Tested



(Core-Edge Irradiation)



A 302« (UBR~44, Capsule A, As~lrradiated) [CE~1)

No., Specimen Layer Capsule 2 ¥ ner X Shear
Number 4 4 <3 t=1b) Cmm)> C(mils) (%)

1 *149 44-R (NT) (NT)

< * 13 44-R (NTY (NT)

3 199 d44-RA -7 20 $.4 4.0 0.03 | <100
< 42 44-R 4 q¢ 13.6 106.0 0.23 < <198
$ 141 44-R 21 70 31.2 25%.0 0.66 26 <100
€ 100 44-R 27 80 21.7 16.0 0.43 1?7 <100
? 83 44-A 43 110 40.7 30.0 .69 7 <100
8 54 44+~f 4= 120 $0.2 37.0 9.81 32 <l1ee
El 13% 44-R €€ 150 $6.9 42.0 1.04 41 <100
19 3 44-R e 190 75.9 $6.0 1.24 4% <100
11 181 44 -F 93 200 99.0 73.0 1.%0 $9 <100
12 39 44-A 121 2%0 10%.8 78.0 1.70 €7 <100
13 *184 44-R (NT) (NT) (NDD (ND> <100
14 109 44~-A 182 368 100.3 74,0 1.96 ?? 108
1§ 90 44-R 204 400 113.9 84.0 2.21 8?7 - 100

# Reserved for postirradiation anneal.
(ND)> = Not Determined
(NT) = Not Tested

C=10



Weld WBA (UBR-44, Capsule A, As-Irradiated) (CE~1)

No. Specimen Layer Capsule T T [ngFgg Lat, Qx¥, Shear
Number z!ég (gig (J) (fi=1p (mm> (mils) (%)

1 “279 3 44-R (NT)> (NT)

e *2%0 2 44-R (NT) (NT)

3 307 7 44-R (NT)> (NT)

4 «274 18 44-R (NT)> (NT)

-] *«301 1 44-R (NT)> (NT)

6 269 | 44-R 49 120 10.8 8.0 0.1% € <l1ee
? 317 $ 44-R €6 150 i9.0 14,0 .30 12 <10@
€ 327 3 44-R 88 1%0 24.4 18.0 0.43 1?7 <109
9 299 11 44-R 88 190 3.9 24,0 0.951 20 <100
10 271 ? 44-A 104 220 48.8 36.0 .86 34 <108
11 268 “ 44-R 104 220 46,1 34.0 .71 28 <188
12 282 € 44-R 110 230 38.3 26.0 0.%58 23 <100
13 288 9 44-R 121 250 $2.9 3%9.0 0.94 37 <100
14 296 e 44-A 204 400 $4.4 40,1 1,82 49 108
18 293 ] 44-R 204 400 $0.3 37.1 0.79 3. - 98

*

(ND) = Not
(NT) = Not Tested

Reserved for postirradiation anneal.
Determined
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A 302-BF Plate 23 F C(UBR~-43, Capsule R, As~Irradiated)[CE~3)

No., Specimen Capsule T ner Lat, lif’ Shear
Number C°F) < t=1b) mm)  C(mils)d (%)
1 LY 45-A 16 €0 9.9 7.0 e.18 ? <100
2 188 45-R 21 70 28.9 21.0 0.%6 ¥4 <180
3 94 45-A 38 100 24.4 18,90 .51 20 <100
“ 43 4%5-AR 49 120 32.9% 24.0 .58 23 <100
S 1% 45+A (1) 140 33.9 2%5.0 0.74 29 <180
€ 4 4%-A €0 140 38.0 28.0 0.74 29 <100
? 14 45-R 71 160 $8.3 43.0 .99 39 <100
8 182 45-R 7? 170 84.1 €2.0 1.49 -1 <100
9 a4t 4%5-R 82 180 $€.9 42.0 .99 39 <100
1@ 188 45-R 8% 183 $2.2 68.0 1.49 s? <100
11 25 45-A 93 200 ??7.3 s7.0 1.30 $1 <100
12 196 45-AR 121 2%0 89.9 66.0 1.92 €0 <1009
13 136 45-A 17?7 3%e 101.7 7%5.0 1.6% €S <100
14 101 4%-A 204 400 97.6 72.90 1.63 €4 109
19 %1 45-A 260 see $7.6 72.90 1.78 70 . 100

(ND)> = Not Determined
(NT) = Not Tested

C=13



Weld WBR C(UBR-4%5, Capsule A, As-lrradiated) (CE~3)

No. Specimen Layer Capsule Test T Shear
Number <*!$ (!'t (JY (fe=1b) (mm (mils) (%)

1 «303 3 45-R (NT) (NT)

Hy 269 -] 4%-A (NT) (NT)

3 *«319% 4 45-R (NT)> <(NT)

“ 266 2 4%5-A 71 160 14,9 11.0 0.28 11 {100
S 291 3 45-R 88 190 12.2 9.0 0.23 9 <100
€ 297 El 45-R 93 200 32.9 24,0 0.9%51 20 <100
? 3 d 1 4%5-A 104 220 23.0 17.0 .38 18 <100
8 2889 “ 4%5-R 1e? 228 28.95 21.0 8.61 24 <100
9 12 8 45-R 121 250 43.4 32.0 .79 31 <180
10 286 10 4%5-A 121 %0 34,0 28.1 0.%53 21 <100
11 329 $ 4%5-R 138 280 40.7 30.90 0.66 26 <108
12 ars 11 45-A 169 320 46,1 34.0 .84 33 <109
13 283 ? 4%-R 204 400 40.7 30.0 9.79 31 <190
14 294 3 4%5-R 204 400 43.4 32.0 0.69 27 100
18 313 1 4%5-R 288 %0 4€.1 34.0 0.87 34 100

¢ Reserved for postirradiation anneal.
(ND> = Not Determined
(NT) = Not Tested
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Sharpy-V Date frop Irrsdietion Assembly UBR:46
(Core-Edge Irradiation)

C=1l5



A 302-F Plate 23 F (UBR-46, Capsule R, As~Irradiated) (CE~2)

Ne. Specimen Capsule T T ner Lat, le' Shear
Number Z!E§ <!’> ) (fr=1b) <(mm> C(mils) (%)
1 96 46-R 10 1] 8.1 6.0 0.20 3] {100
e $ 1] 46-A 21 ve 20.3 195.0 0.38 18 <100
3 140 46-R 27 80 24.4 18.0 0.41 1€ <100
4 104 46-RA 32 90 38.0 28.0 0.64 4] <100
8 1951 4€-A 38 100 32.9 24,0 0.69 27 <1088
€ 4] 46-R 54 130 46,1 34.0 8.76 30 <1080
? 142 46-R €0 140 46,1 34,0 8.79 31 <lee
8 186 46~-RA 71 160 69.1 $1.0 1.09 43 <109
ks 26 46-R 82 180 $€.9 42.9 9.99 39 <190
10 92 4€-R 88 190 82.7 61.0 1.37 $4 <100
11 S 46~R 104 220 108.8 78.0 1.63 £4 97
12 197 4€-R 138 280 104, 4 77.0 1.88 61 o7
13 102 46-R 17? 3%0 97.6 72.0 1.8?7 62 98
14 qa 46-R 260 see 111.2 82.0 1.99 61 100
138 183 46-R 260 $00 105.8 78.0 1.89 71 98

(ND) = Not Deternined
C(NT) = Not Tested
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Weld W3R C(UBR~46, Capsule A, As~Irradiated) [(CE~-2)

No. Specimen Layer Capsule o | ner t X Shear
Number 4 C°F) CJY (fe=lp) <(mm mils) (%
1 #3189 3 46-R (NT) (NT)
2 #331 ? 4E-A (NT) (NT)
3 308 S 46-R 43 110 6.8 $.0 0.1% 3 <100
& 298 1@ 46-K €0 140 19.0 14.0 0.38 19 <l1ee0
- 278 2 46-R 82 180 24.4 18.0 .48 19 <100
[3 289 1 46~-R 88 190 28.9% 21.0 0.46 18 <108
? 281 $ 46-R 93 200 24.4 18.0 .38 18 <100
8 267 3 46-R 104 220 33.9 2%.0 0.58 23 <100
9 287 i1 4€6-A 104 220 43.4 32.0 0.69 27 <100
10 329 1 46-RA 110 230 38.0 28,0 0.64 2% <190
11 284 [} 46-R 121 250 48.8 36.0 9.99 39 e
12 273 ] 46-R 121 2%e 48.8 3€.0 0.97 38 98
13 292 < “6~A 204 400 $90.2 37.0 0.89 38 108
14 270 € 46-A 204 400 48.8 3€6.0 0.9%4 37 100
18 298 ? 4€-RA 288 1.1 44,7 33.0 1.42 86 ° 100

# Reserved for postirradiation anneal,
(ND> ~ Not Determined
(NT) = Not Tested
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Charpy:V Dete from Irradistion Assembly UBR-65

| (In-Core Irradiation)
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A 302~ Plate 23 F (UBR-€S, Capsule B, As~lrradiated) [1C~1)

No. Specimen Capsule T*!t I¥?'§ Energy 1 X Shear
Number 4 J) (fr=1b) C(mm m (%)
1 121 €5~B -4 4] 20.3 1%.0 0.43 1?7 <100
Fy 182 (358 < 40 16.3 12,90 .36 14 <100
3 €8 €35-B 16 €0 32.9 24.0 e.71 28 <100
4 7 €5-B 27 8o 28.9 21.0 0.56 22 <180
S 21 6€5~B 27 8e 43.4 32.0 .84 33 <180
€ 67 €5~ 32 90 39.3 29.0 0.86 34 <109
? 78 65-B 38 100 $€.9 42.90 1.02 40 <100
8 1% 6€5-B 43 110 48.8 J6.0 2. %4 37 <100
< 198 €S-B 4% 120 €1.0 4%.0 1.07 42 <100
10 164 €5~B 49 120 71.9 $3.0 1.47 4é 108
11 9 3B ) 71 160 89.9 66.0 1,42 $é <108
12 (3] €5~B 71 160 87.6 72.0 1.83 72 <100
13 €% €5-B 71 160 93.6 €9.9 1.%0 59 <100
14 124 €%-B 138 280 108. 9 80.0 1.6% €9 100
138 114 (328 17? 3%0 100.3 74.0 1.70 6?7 100
16 172 €5~B 204 400 118.2 8%5.90 1.91 78 190
17 27 €5-B 2608 see 109.8 81.0 2.01 79 100

END) « Not Determined
(NT)> = Not Tested

19



Weld WEBA (UBR-6%, Capsule B, As~Irradiated) [IC~!)
No., Specimen Layer Capsule %*!i 1*,,5 ln%rgg Let, |x¥, Shear
Number [ B t=1b)  Cmm (mi 18> (%)
1 376 “ €%5-3 (NT> (NT)
2 363 3 €5-B 16 €0 10.8 8.0 0.2% 19 <100
3 340 “ €5-9 7 1] 8.1 6.0 @.36 14 <100
4 380 & €5~B 41 109 38.90 28,0 .71 28 <100
S 369 9 (353 ] 49 120 38.0 28.0 0.71 28 <100
€ 309 L] €S-8 €0 140 38.0 28.0 0.€9 27 clee
? 31 11 6€5~B €6 150 29.8 2.0 0.%53 21 <100
€ 374 2 €5-3 71 160 33.9 2%.0 e.66 26 <100
] 388 ? €5-B 82 180 48.8 26.0 1.02 49 <100
1@ 38 4 €5-B 93 200 42.0 31.0 .79 31 <100
11 363 $ €5~B 93 200 40.7 30.0 0.86 34 <100
12 e 12 6%-B 104 220 $S.€ 41,0 1.04 41 <100
14 3%8 10 €5-3 121 2%0 $6.9 42.0 1.17 4e o7
18 349 1 €5-B 204 400 9.7 44,0 1:12 44 180
1€ 383 11 €S~-p 204 400 61.0 4%5.0 1:.48 44 98
1? 240 12 €S-3 288 %50 €1.0 4%.0 1.32 $2 100

# Reserved for postirradiation annea)

C(ND) = Not Determined
(NT) = Not Tested

C=20



(In-Core Irradiation)



A 302+B Plate 23 F (UPR-7S, Capsule B, Rs-Irradiated) [I1C-2)

No., Specimen Capsule ) T r Lgt, g;e, Shear
Number <!e) !gtg CJY (fr=1b)> (mm (mils) (%>
1 74 78-B -1 30 13.6 10.9 0.23 9 <100
. 162 7%-3 “ 49 19.0 14,9 0.38 18 <100
3 22 78-B 44 80 24.4 18,9 0.46 18 <108
4 12?7 7%-8 32 90 3%5.3 26.0 0.69 e? <100
S 120 7%5-B 49 120 43,4 32.0 0.7% 31 <100
€ 110 75-B 4 120 40,7 30.0 0.76 30 <100
? €S ?785-3 63 149 €66.4 49.0 1.4? ar <100
8 (19 75~B 71 160 $8.3 43,9 1.02 4@ <1080
El 1€ 75-3 79 178 90.8 €7.90 1.40 1. <109
i0 28 7%-B 82 180 96.3 71.90 1.63 64 <100
11 24 758 93 200 8%5.4 €3.0 1.5? 62 <100
12 118 75~B 121 2%0 109.8 78.0 1.78 70 100
13 199 75-8 138 280 100.3 74.0 1.63 €4 100
14 90 78-B <04 400 118.2 835.0 2.86 &9 {100
198 144 75-B 204 409 103,90 76.90 1,895 73 100
16 122 78-3 288 8% 109.8 78.0 1.78 €9 100
1?7 L 75-B 288 $50 118.0 87.0 1.63 €4 100

(ND> = Not Determined
(NT) = Not Tested

C=22



Weld WBA C(UBR-7S5, Capsule B, As~Irradiated) [IC~2)

No, Specimen Layer Capsule Test T ner Lat, |x$. Shear
Number Z*f> !;'§ b} t=1b Cmm? mils>D (%)
1 341 - 75-8 24 (4 8.1 6.0 8.10 4 <100
2 381 9 75-B 32 90 25.8 19.90 0.49 19 <100
3 378 3 7%5~B 4 120 1.7 16.0 9.41 16 <100
4 $94 10 75-B €0 140 29.8 22.90 0.93 21 <100
8 359 11 75-B 74 160 2%.8 22.0 0.53 21 <180
€ hdd S 785~3 82 180 7.1 20,0 0.9%3 21 <100
4 $%@ 2 75-B 82 180 32.9 24.0 (ND) (NDD <108
3 367 ? 75-3 88 190 44,7 33.0 0.84 33 <100
9 370 10 7%5-3 99 210 40.7 30.0 8.74 29 <180
19 350 2 78-8 184 220 46.1 34.0 e.7¢ 30 <100
11 366 € 7%-B 110 230 49.7 30.90 0.71 28 <180
12 361 1 7%5-B 127 260 44,7 33.9 9.91 3¢ <100
13 214 10 75-B 138 280 $%.6 41,90 2.91 3¢ <180
14 321 4 7%5~B 149 300 $2.9 39. 8.91 36 100
18 3%¢ 3 78~B 204 400 $6.9 42,0 1.07 42 100
1€ 383 ] 75-B 204 400 $4.2 49.0 1.02 40 100
17 384 12 75-B 288 50 52.9 39.0 1.8 44 100

(ND) = Not Determined
CNT)> = Not Tested

C=23



(In-Core Irradiation)

C=-24



A 3.31} Plate 23F (UBR-76, Capsule B, As-lrradiated) [I1C-3)

No. Specimen ' Capsule Test 7 rer Lat, [x¥, Shear
Number ?!55 (§i§ < t=1b <mm) mils) (%

& ” 76-B “ 40 6.8 $.0 0.1% € <109
3 163 76-B 27 80 23,9 17.0 0,46 18 <109
4 143 76-B 32 90 19.0 14,0 0,38 18 <100
S 128 7€-B 49 120 33.9 25,0 0.64 2% <100
€ 3 7€~B 49 i20 35.3 26,0 0.71 28 <100
? 67 76~-B $? 138 42.0 31,0 0.74 & <189
e ve 76~B (1 142 2.9 39.0 0. %4 ? <100
9 129 76-B 74 1695 $8.6 41,0 .94 i 100
10 111 76-D 82 180 73.2 $4.0 1.287 Se <100
il 91 76-B es 190 70.5 $2.9 1.37 S4 <100
12 - § 4 76-3 104 220 105.8 76.0 1.70 €7 <180
13 81 76-B 121 259 110,90 81.1 1.63 €4 100
14 8@ 76-B 149 300 105.8 78.0 1.83 72 100
13 e 76-B 204 400 96.3 71.0 1.78 7e 100
16 200 76-B 288 1.1 94,9 70.0 2.03 60 100
1?7 88 76~B 1] o%e 93.6 €9.0 2.13

(ND> = Not Determined
(NT) = Not Tested

C~25



Weld WBA (UBR-76, Capsule B, As~lrradiated) LIC~-3)

Ne. Specimen Layer Capsule T T Lat, ‘x*, Shear
Number Z!QE (;i> 4 (fr=1b)> Cmm> C(mils) (%
1 #1114 € 76~B (NT> (<NT) ¥,
4 +360 12 76-B (NT) (NT)
3 3%4 3 76~B 4 120 13. 6 18.0 (ND) (NDD <l1e8
< 387 < 76-3 60 140 28.9% 21.0 e.%4 21 <108
$ 381 3 76-B (X3 150 20.3 15.0 .36 14 <100
é 8% 1 76~3 (1] 188 24.4 18,0 0.43 1?7 <108
? 89 1 76~B 82 180 7.1 20.0 8.61 24 {100
& 362 2 76~-B 98 208 27.1 20,90 .74 29 <100
9 37e € 76-B 99 210 38.3 26.0 0.%58 23 <109
) 364 4 7é-B 110 230 47. 3%5.0 0.84 33 <100
11 371 11 76~B 110 230 43.4 32.0 0.7% 31 <100
12 382 10 76~-B 121 2% 40.7 30.0 .79 31 <100
13 379 ? 7€~B 127 260 46,1 34,0 9.84 33 180
14 3é8 ] 76~-B 149 300 $2.9 3%9.0 0.97 38 <108
19 333 9 76-P 204 400 $S5.6 41.0 (ND) (ND> 100
16 $92 4 76-B FLT 400 48.8 36.0 0.9%4 37 100
1?7 339 11 7€~5 288 $%50 $1.8 38.0 8.97 38 100

*# Reserved for postirradiation anneal.

(ND) = Not Determined
(NT) = Not Tested



-

(In-Core Irradiation)

C=27

=17



A 533-B Plate 23C

(U’R'77.

“apsule A, As~Irradiated) [IC-4)

No. Specimen Layer Capsule [ g,g, |n¥, Shear
Number ?) (°F) (frL~1b) mm (mils %)
1 220 77-A -29 -20 32.9 24,0 0.6} 24 <100
. 238 ?7-R -? 20 36.6 27.9 0.74 29 <100
3 221 77-RA -1 30 44,7 33.0 8.74 29 <108
« 236 77-R 2 3% 9.9 7.0 .13 € (100
' t‘a 77-0 ‘ ‘. “-‘ 3“. .c" 2’ (‘..
€ 227 77-RA 21 7e 40.7 30.0 0.76 30 <180
? 232 77-R 21 7e $i.8 38.0 9.84 33 <100
8 224 ?7-R a7 80 75.9 $6.0 1.27 s <100
® 214 77-R 38 100 10€.3 74.0 1.838 72 <100
10 233 77-R 4% 129 10%. 8 78.0 1.9?7 €2 <180
11 230 77-R €€ 150 113.% 84.0 . 1.79% 69 <100
12 228 T7-R 149 300 131.8 $7.0 1.91 ?s 100
13 234 T7-R 204 400 141,90 1€4.0 2.26 89 100
14 240 77-R 204 400 126.1 93.0 2.31 91 100

(ND> = Not Determined
C(NT) = Not Tested

C-28



Ne'd WORA (UBR-TT, Capsvie A, As~lrragiated) (1C~4)

Ne. Specimen Layer Capsule ——thngrgy i, ]-¥, Ehear
Numbar (JY (fv=1B) Cmm> C(mils) (%)

Al

g TR FE R | 18,0 9.33 13 1o
272 T7-R coew
2% 7R .9 FL I ®.%¢ e 100
167 T7-R 48. 8 3.0 .69 F a4 100
293 TT-RA 6.3 42,0 0.89 E 1 o0
489 7R 1.9 6.0 e, 84 3 100
339 T7«R 6.6 7.0 0.9 k3 109
202 TR 6.4 4a%. 0 1,04 4l o0
V3 TT-R 8.1 8.0 1 3% $3 100
1?7 TreR 9.4 £€32.90 1.39 81 100
66 PR 100,23 74,0 1,928 €0 <100
IS k4 TR 132.9 $6. 0 .04 (3 10
a9 7R 123.4 $1.0 1,83 L 100
27e TT~R 122.0 0.0 2.01 14 ] Y
‘04 7P-2 113.9 g4, 0 1.78 100

DE RS DN

(ND) = Not Devrermined
(NT) = Not Tested




Computer Curve-Fits of Charpy-V Test Results
(Specimen Energy Absorption vs. Temperature)




OVERVIEV

The data curve fitting procedure employed the hyperbolic tangent (Tanh) curve
fitting method as given by:

T.T,

C'OAO.M

Farameters A, B, C and T, are deternined from mon-linear regression analysis.

The quality of the fit to each data set generally depends upon the number
of specimens tested and the availability of data defining the upper shelf and
lower shelf for the data set. For many of the present data sets, both
requirements are satisfied and an scceptable curve fit results. In other
cases, either fev tests were conducted or the data did not sdequately define
the lower shelf for the deta set. For such cases, the lower shelf from a
standard Tanh fit gives & lower shelf which is either above 27 J (20 ft-1b) or
negative. Since such results are not satisfactory from elther engineering or
aesthetic standpoints, two modified curve fits can be applied. One (Case A)
is 111:.::0&0‘ for certain data sets of the plate Code 68B, 5C and 6A
naterials.

Case A 1s the result obtained when four fictitious data points with 7 J
(5 ft+1b) of energy absorption are added at & temperature that is 28°C (50°F)
belov the intercept with the abscissa, of & line representing & linearized
transition region. The line in this case is an eyeball fit to the data; the
cholce of & larger temperature shift (up to 56°C or 100°F) was found not to
infuence the result appreciably. Case B represents use of a fixed lower shelf
of 7.0 (5 ft.1b); this lower shelf is attained at & temperature of -«

The use ot the modified curve fits serve to force the curves to &
reasonably low, positive value in the lower shelf region. This device is
particularly useful for those cases where data are lacking in the lower shelf
reglon for guiding the computer in its setting of bounding conditions. It
should be noted that the American Soclety for Testing and Materials has not
issued & standard method or & standard guide for curve-fitting C, data for the
irradiaced condition,

Within this eppendix, the curvefit sheet immediately following the data
table represents a standard evaluation using the Tanh equation., The second
curvefit sheet {f present, gives the Case A results. For Case A, the
fletitious data points are denoted by "0" on the graph and "+ i{n the data
tabulation on the curvefit sheet. Table D-1 compares the 41.) temperatures
indicated by the hand-drawn curves. (See main text.)

D=1



Teble D1 Comparison of Charpy:V Transition Temperature
Indications From Two Data Curve Fitting Methods

Gy 41-J Transition Temperature (°C)

Irradiation Material Hand - Drawn Computer-Fit Difference
Assenbly Curve Curve

() (b) (a+h)
(Unirrad.) ¥ « 15 « 13,9 « 11
23¢ o 1 - 28,9 - 5.1
WBA - 2 « 12,0 - 6.0
WoA - 62 - 61 « 0.7
UBR- 38 25¥ 38 38.2 - 0.2
236 21 207 0.3
UBR - 44 5y 43 3.1 0.1
WEA 102 101.3% 0.7
UBR-45 23F 63 59.5 3.5
WEA 127 1.7 . 4.7
UBR- 46 23F “9 “8.7 0.3
WeA 107 109.3 - 2.3
UBR-65 23 29 31.0 « 2.0
WeA 82 71.3 10.7
UBR-75 237 3 45.2 0.8
VEA 96 97.7 « 1.7
UBR-76 25¥ 57 55.4 1.6
WBA 104 110.1 - 6.1
UBR-77 236 o 11.4 . 7.4
VoA « 1 3.1 . 4.1

D=2






Temperature (*F)

10 eee 3e0 400
1f " T T T

R ;Qg-g Pl!t! g;r
(Unirradisted Condition; L=T Orientation)

. :
(] |
A -
> -
. ‘. -
\5 Y
A 3
oy »
‘g 1% g
S
2%
® 1 41 1 1 | 1 | o
-50 e 30 1 0@ 190 200 290

Temperature (*C)

Il I T T LTI
Cv o A « B ranhic(T = To)C)

AR =

B » 3I7.67 fr=-1b $1.08 )

C = S$4.17 *F 30.909 ¢C

To = $1.21 *F 10.67 °C
Cv = 30 fL=1b (41 J) at T = 7.1 *F “13.9 °¢C

Upper Shelf Energy = 3.0 frv-1b 186.1 )
LA R R R R A R R R R R R R R )

PT Tenp Energy
L (OF 1Ii-]iz
‘ .ﬁ’— .

‘ .'. t‘o.
3 20 41.0
4 30 38.0
s (X é0.0
€ 100 84.0
? 200 94.0
] 400 92.0
“ 400 $2.0
O = Fictitious Point Added ¢ = Test Point Not Included
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Terperature (*F)
-200 ~100 (4] 1e@ 200 Joe 400 €00

T =T T T T . & 128
1%0 A -B Plat F
(Unirradiasted Condition; L=T Orientation) 168
- 125 = 2
- |
% -4
? 108 - - 78 4
s a
= eI o g
- S8
A | ;
&
- 25
25
® | P | | L | 1 o
-1 -30 Q e 180 1950 oo %0

Tenperature (*()

(A2 R R R R R R R R R R R R R R R R R R R R ]
Cu o A « B ranh((T = To)7C)

'a,\\lh Hitr|s
. -

AR = :

| 45,08 fr-1p é1.12 )

C = 73.%53 °F 40.8% °C

To = 37.98 ¢F 3.08 °C
Cv = 30 fr=1b (41 J) at T = $.8 °F -~14,7 *C

Upper Shelf Energy = 93.6 frv-1p 126.9 )
AR R A R R R R R R R R R A R R R R R A R R AR A R R R R R R R R R ]

PT Temp Energy
K (*F) (fe=1B)
r ® ‘ } .
‘ 'I. 34..
3 20 41,0
5 30 3.0
] €0 60,0
€ 100 84.0
? 200 94.0
3 400 $2.0
$ 400 92.0

180 ~100 S.0

11 0 =100 s.0

120 ~100 S.e

130 ~100 $.0

O = Fictitious Point Added ¢ = Test Point Not Included
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Termperature (*F)
100 200 00 420 e

TT ? 4 T T T :08
2%0 |- A_533-B Plate 23G»

(Unirradisted Condition; T=L Orientation) po
-~ 200 2
=3 |
ol -
& " o 120 ¥
g 150 " 8 S X A B
I~ x e
. . §

e . - 80
£ 100 - >
: ) :
. o

$@ M~ x - 40

® Rt | ] | 1 1 o

-0 2 o0 100 1950 200 2%0

Tenperature (*C)

AR R R )
Cv s A « B ranhlCcT = To)/C)

] 4 H*;ris
. t- .

AR =

| $4.57 frv-1b 73.9¢ )

C = 74,06 °F 41,14 °C

To = 16,83 °F ~8.43 °C
Cv = 30 frt=1b (41 J) at T » ~20.0 °F -28.9 °C

Upper Shelf Energy = 109.7 fr-1p 148,7 )
LA AR L R R R R )

PY Temp Energy PT Tenp Ernergy
C(OF (fs-3'> (e <ti-1')
—* "._i . —l* a .
H -80 5.0 14 160 #7.0
3 ~40 28.0 19 160 117.0
4 -49 2%.0 16 200 117.0
. “. “o. " :.. l.‘o.
. € (] 36.0 18 2%0 111.0
? [*] 49,0 19 320 94.0
& (%] 4%5.0 L 320 123.0
9 30 €6.0 21 320 113%.0
10 30 6.0 22 400 $9.0
11 80 98.0 23 400 112.0
12 g0 104.0
O = Fictitious Point Added ¢ = Test Point Not Included
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Temperature (*F)

-100 @ 1@ cee 300 400D Sop
il WE A
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- 80
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-
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g oy —~—
e
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Temperature (*C)

I A R R R R )
Cv = A + B ranhlcT =~ To)7C)

Rt bt

O w >

Cv = 30 fr=1b (41 J) art 7
Upper Shelf Energy

419.353 fv=1p 63,
2%1.19 *F 139,
~408.93 *F ~244,

‘o‘ oF ."u

‘.o' fr=1b .8.

)
$3 *¢C
9 *C

@ *°C
e J

Charpy Energy (ft-1b)

LA R R A R L R R R L R R R R

PY Temp Energy
] (OF (fr=1

l .‘ "o

2 -40 18,0
3 -19 6.0
“ -10 32.0
-] [ 2€.0
€ e 2.0
? 49 3%.0
8 80 42.0
] 80 30.0
10 120 s2.0
11 129 47.0
12 200 €0.90
13 200 $6.0
14 400 8.0
1% 400 8.0

O = Fictitious Point Rdded D=7 # = Test Point

Not Included



Temperature (*F)

-100 4 180 200 200 400 sep
g T T T T '
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Temperature (*C)
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Cu s A « B rtanhlc(T =« TosC)

i .n | ‘T - H,t&\s k.

‘ o . v
B = $20.90 fr-1b 706.2% J
C = 204,01 °F 113,34 °C
To = «312.32 °F “191.29 *C
Cv = 30 fer=1b (41 J) at T = ~78.3 °F 1.3 °C

Upper Shelf Energy = 129.4 fr=1b 170.1 )
I R R R R R R R R R R R R R R R R R R R R R A R R R R R R )

PT Temp Energy
o (oF (fr=1b)
1 ‘i‘ .

2 ~-g0 28,0
3 -%0 $3.0
4 -%0 $0.0
] 7S 96.0
€ 7s 11e.9
? 160 114,.0
[} 400 129.9
9 400 129,90
1@ 400 126,09
O = Fictitious Point Added ¢ = Test Point Not Included
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Temperature (*F)

] 100 200 300 400 seo
!7 T T T 128
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Temperature (*C)

XS I s s s e e R R R R R R A R R R R R R R R R R R R R R R R R R R R R R R R R R R R
Cv = A « B tanh(c(T - ToC)

ngli §!3r1;
‘. - o‘

A =

B » 39.47 fr-1p $3.%1 3

C = 71.78 °F 3%.08 °C

To = 137.80 °F $e.78 °C
Cvu = 30 fr=1b (41 J) at T = 100.8 °F 38.2 °C

Upper Shelf Energy = 8.2 fr=1b 119.6 J
I oooorToTrroaOa

PT Tenp Erergy
L] (OF (fr=1b)
1 ¢ 4 18,

2 7e 14,0
3 8% , 7.0
a 90 28.0
$ 190 27.0
€ 118 46.0
? 130 47.0
& 140 47.0
& 1950 43.0

10 « 169 e%.0

11 180 72.90

12 200 83.0

13 280 #7.0

14 ¢ 360 62.0

19 400 8%5.0

0O = Fictitious Point Added = Test Point Not Included
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Temperature (*F)
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n e
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3 100 3v.e
9 129 $7.0

10 150 €0.9

11 160 S1.0

12 190 72. 1

13 300 105.0

14 3ase 100.0

18 400 103,90

O = Fictitious Point Added D=11 ¢ = Test Point Mot Included
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Terperature (*F)
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12 400 84,0

D = Fictitious Point Added

D=13

¢« = Test Point Not Included




Temperature (*F)
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38.8 fr-1b $2.7J

Charpy Energy (ft-1b)
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400 40.1
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D~14

¢ = Test Point Not Included
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Temperature (*F)
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O = Fictitious Point Added ¢ = Test Point Not Included
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Terperature (*F)
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Appendix E

FRACTURE TOUGHNESS DETERMINATIONS
1. SPECIMEN DESIGN

The fracture toughness determinstions were made using 0.57-CT speci-
mens with a thickness of 12.7 mm (Fig. E-1). This design is sinmilar
to the specimen recommended in ASTM E 813-81 (Ref. E-1) where load-
line displacement is wmeasured on the specimen. This specimen size was
considered acceptable based upon results from & size effect study, as
discussed in Section 7.4 of Ref. E-2. As illustrated in Fig. E-2 for
& Linde 0091 weld (code E24), the 0.5T-CT specimen design gives
similar Jy-R curves to 1T-CT specimens, but lower Jp levels at large
crack growth levels (i.e., 4a > 1 mm).

Precracking was performed in the preirradiation condition for all
tests, with K .. below 22 MPa/m for the last 1 mm (0.04 in.). Side
grooves were upp’hcd only to those specimens for which ductile failure
(i.e., J-R curve development) was anticipated. (A1l specimens of
capsule UBR-38 were side-grooved by 208 prior to irradiation.) The
side grooving was targeted to a total depth of 2.5 mm, 1.27 mm per
side, or 208 of the pgross specimen thickness. Side grooving of the
irradiated specimens was generally performed prior to irradiation.
Razor blades were spot welded to the flats located on the load line,
to allow accurate measurement of the load-line displacement.

2. TEST PROCEDURES

Although definition of upper shelf (ductile, J-R curve) and transition
(cleavage, K;. or K;) behavior was desired in this program, the
testing procufuru for both types of tests were identical. Specifi-
cally, a 50-kN (110-kip) servohydraulic test frame was used, with
either & strain-gaged clip gage or & capacitance-type clip gage used
for displacement measurements. In all cases, a computerized data
acquisition system was wused, with digital load-displacement pairs
stored on magnetic media for later retrieval or analysis, In
addition, an analog load-displacement trace was recorded for each
test. The K for these tests was ~ 44 MPa/m/min, with monotonic
loading of the specimen until the ASTM E 399 (Ref. E-3) 5¢ secant line
was intersected, at which time the single specimen compliance (88C)
technique was utilized to track the crack length during the remainder
of the test (Refs. E-4 to E-6). Successive crack length
determinations were made at intervals sufficient to accurately
characterize the J-R curve behavior of the specimen.

After completion of the J-R curve tests, the specimens wer: heat
tinted at ~ 300°C to mark the end of the stable growth, cooled to
liquid nitrogen temperature, and then fractured, This procedure
allows for an undistorted characterization of the fracture surface, as
it was upon test termination, For the unirradiated tests, the
resultant crack lengths (initial and final) were measured using a
microscope and an X-Y table (accurate to 0.025 mm). The irradiated
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Fig. E-1 The 0.5T-CT specimen design used for the fracture toughness determination.
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fracture surfaces were photogrephed, with the crack lengths then
digitized using an X-Y digitizer. The latter technique has been found
accurate to within 0.05 mm, based on optical and photographic
measurenents of unirradiated fracture surfaces.

3, DATA ANALYS1S PROCEDURES
3.1 vage t ck Growth

For those tests resulting in cleavage failure with no wstable crack
growth, an ASTM E 399 (Ref. E-3) analysis was performed to determine
Kq. and to assess if KQ * Kie:

In addition, the J integral was used to calculate toughness for these
tests. The form of the J integral used was the ASTM E 813-81
(Ref. E-1) form developed by Merkle and Corten (Ref. E-7), as
simplified in Ref. E-8:

3B fa M) (E-1)
BNbo 0
with 2
f(a W) = 2(1 +a) / (1 +a)
o - [2a )%+ 2 ap)+ 20 . Qa4+ 1)
o o o o o' o
A = total area under the load-load line displacement curve
IN = net specimen thickness
LR = initial (precrack) crack length
bo - W o LR

Specifically, the J value at the cleavage point was termed Jopiy: @nd
& Ky, value was calculated from

2
KJc - JE JCrit / K1 « V") (E-2)

where E is the modulus of elasticity and v is Poisson's ratio, taken
to be 0.3 in all cases. (In the data tables, the JCrit values are
listed under Jie+)

Since the specimens used here were small and precluded the
determination of valid K e values above 60 HPAJ;. the K,. values were
adjusted using the Irwin g;  procedure (Ref. E-9). As recommended by
Merkle (Ref. E-10), these tests were conducted in displacement
control, cleavage was the fallure mode in every case, and conditions
at the cleavage point were used to calculate the unadjusted fracture
toughness values. The adjusted fracture toughness values, termed Kﬂ

and thought to provide & better approximation to Kio. were calculntoﬁ
from:
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3
‘C - ‘IC + 1.4 ‘lc (E-3)
vhere
K 2
JE X
Ky 2
ic B s
y
and
’y = 0.2% offset yield strength at temperature
Kc = "non-plane strain fracture toughness" = KJc
Kpc = to be sovlved for
Rearranged, Eq. E-3 gives:

3
plc + (5/7) ’Ic - (5/7) ﬁc -0 (E-4)
Several parameters can be defined

L o= (5/14) A

3
A - J .2 “ m—- + m
1 27
A2 - Al - 2m
‘Ic can be calculated from
-k W8 1/3
L P e A

and finally Kﬂc - °y JB ﬁlc‘

Since the magnitude of the B, adjustment is inversely proportional to
the yleld strength, unirradiated data are adjusted significantly more
than irradiated data, due to strengthening typically associated with
irradiation embrittlement, This 4in turn results in {rradiation-
induced transition temperature increases (AT's) which should be lower
(by definition) than AT's from Ky. data. While the p;  data are
reported in the data tables, no other use of the data are made in this
report.

3.2 Ductile/Stable Crack Growth

The J integral resistance curve (J-R curve) was used for upper shelf
characterizations. The test procedure used was in general conformance
with ASTM Standard E 1152-87 (Ref. E-11) and the Jio test procedure,
ASTM E B813-81 (Ref. E-1).
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As noted previously, the unloading compliance technique was used for
crack length (and crack growth) determinations. For J-integral calcu-
lations, the modified J integral, Jy, was used (Ref. E-12):

a 8(J, + G)

- - -L‘—- -
=9 f. = ,  da (E-5)
3 pl
with
JD = deformation theory J
G = Griffith linear elastic energy release rate
&, 8- the initial and current crack lengths, respectively

6,1 = the plastic part of the displacement

Reference E-6 gives a detailed listing of the computacions required to
calculate Jy. Additionally, Refs. E-6 and E-12 provide justification
for the use of this non-path independent integral whereby small speci-
men data using Jy are seen to give better corresondence with large
specimen data (ust%; path independent J; or Jy) than do small specimen
data using Jp. Since one intent of this study is to develop data
relevant to structural integrity applications, Jy is considered the
appropriats formulation of the J integral.

The format for the presentation and enalysis of these J-R curves is
{llustrated in Fig. E-3. The left most J; value is determined using
ASTM E 813-81 procedures (Ref. E-1), whereby selected data are fit to
a linear equaticn, which is then extrapolated back to the blunting
line (as pgiven by J = 2 o, Aa, with ¢ the flow strength, the
average of the yield and ultidito .trongt*;). The intersection of the
linear equation and the blunting line is defined as Jq. which becomes
Jio if various validity criteria are satisfied,

In & similar fashion, the power-law definition of J;, used in this
report is the intersection of the 0.15-mm exclusion line with a power-
law fit to the test data. The power law is given by

J=Coa® (E-6)

with C and n determined through regression analysis. This power-law
method is considered preferable to the ASTM linear method in that the
actual J-R curve behavior is modeled better using the power law than
using a linear equation, and pover-law intersection represents a true
intersection and not an extrapolated intersection. In addition, the
cited power law method gives J; .  values which are generally within 10%
of the E 813-81 values, 1nstonj of the larger differences found with
the power law method given in E 813-87, which uses a 0.2 mn offset to
define Jq ..

Another parameter used to define J-R curves is the tearing modulus
(T), as given by (Ref. E-13):

E-6
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Te -53 ﬁ% (E-7)
‘g

vhere dJ/da is the slope of the J-R slope. While T changes
continuously with crack growth, an avorc;e value of T between the
0.15- and 1.5.-mm exclusion lines, has been defined (in
Appendix H of Ref. E-6) for use in r‘%J‘cncin; fracture toughness
differences.

4, FRACTURE TOUGHNESS RESULTS

The fracture toughness data will be treated on & material-by-material
basis, with comparison of the transition region and upper shelf data
made. Each of the irradiation capsules contains specimens from two

materials. In all cases the specimens are randomized within the
capsule such that there is no fluence bilas for one material vis a vis
the other.

As a note, validity of fracture toughness data and evaluation of J
and T, roquiro the use of tensile properties, specifically the ytois
otron;tﬁ and the flow strength (og). For the wunirradiated
condition, 3&11 curves of strength as a function of temperature were
made. In contrast, limited testing was possible for the irradiated
conditions. To provide strength data at each Lest temperature, the
strength results for the wunirradiated condition were fit to a
quadratic equation. For the irradisted conditions, the same overall
curvature of the strength vs. temperature curve was used (i.e., the
same quadratic equation), with the constant (either Ay or By) adjusted
to account for differences in strengths between the unirradiated
condition and each irradiated condition. The following equations were
used for yield (a ) and ultimate (¢,) strength:

oy = Ay % 72 + Ay X T+ Ay MPa

y
o= By x T2 + B, x T + By MPa

where T is the test tompcrnturc 1n s nnd the resultant strengtns are
in MPa. The constants A, and By are given for each
material and each irradiation capnule fh T:Lle E- 1

The transition region fracture toughness data have been curve-fit to
an exponential equation of the form:

K= D + D, EXP ((T-T )/D ] (E-8)

2
with Dy, D, and Dy constants for each data .et as dotorminod through a

non-linear regression analysis, and T, is 0°C or 32°F. Data sheets
from this curve-fitting are given in Appendix F for each data set,
with the overall results summarized in Table E-2. Included on each
sheet are tabulstions of the data points used for each fit, along with
upper and lower bounds (95%8-95% confidence bounds). Although the
ideal situation would involve using only those data points exhibiting

E-8



Teble E-1  Strength Results for Program Materials

Yield Strength Ultimate Strength
(cy - “1 % 72 + “2 x T+ A,) ('u - 'l x 72 + '2 x T+ 33)
Capsule UBR- A Aa Ay ’1 32 53
(MPa/°C?)  (MPa/°C)  (MPa) (MPa/°C%) (MPa/°C)  (MPa)

Unirred,  -- 0.002651 -0.9574  468.50 0.003063 -0.9838  619.90
CE-1 4 0.002651 -0.9574  529.86 0.003063 -0.9838  697.06
CE-2 46 0.002651 -0.9574  533.89 0.003063 -0.9838 699,83
CE-3 45 0.002651 +0.9574  547.11 0.003063 -0.9838  707.67
1¢-1 65 0.002651 -0.9574  502.57 0.003063 -0.9838  663.34
1¢-2 75 0.002651 -0.9574  520.37 0.003063 -0.9838  681.90
1¢-3 7 0.002651 -0.9574  540.78 0.003063 -0.9638 699,36
1p-1 36 0.002651 +0.9574  508.69 0.003063 -0.9838  669.32

Linde 80 Weld (W8A)
Unirrad.  -- 0.001967 -0.8086  $00.70 0.002431 -0.8158  627.20
CE-1 4 0.001987 -0.8086  646.39 0.002431 -0.8158  743.94
CE-2 46 0.001987 -0.8086  652.82 0.002431 -0.8158  754.18
CE-3 45 0.001987 -0.8086  682.49 0.002431 -0.8158 768,46
1c-1 65 0.001987 -0.8086  606.07 0.002431 -0.8158 707,88
1C-2 75 0.001967 -0.8086  633.48 0.002431 -0.8158  729.95
1¢-3 76 0.001967 -0,8086  662.54 0.002431 -0.8158  750.17

A _533-B Plate (23G)
Unirrad.  -- 0.001381 -0.5984  &49.40 0.002822 -0.9007  608.00
1P-1 38 0.001381 -0.5984  549.65 0.002822 -0.9007  698.67
1C-4 77 0.001381 -0.5984  501.38 0.002822 -0.9007  655.56

Linde 0091 Weld (W9A)
Unirrad, -« 0.002542 -1.1200  589.40 0.002214  -0.8457  672.50
1C-4 77 0.002542 -1.1200  698.22 0.002214 -0.8457  764.21




Table E+2 Transition Temperature Curve-Fit Results

Temperature at Shift at

K = Dy + Dy EXP[(T-T,)/Dy)* 100 MPa/m 100 MPa/m
Capsule Fluence by by b, Mean Lower
Curve lognd
() (MPa/m)  (MPa/m)  (°C) (°c) °c) °c)

A 302-B Plate (23F)
Unirrad,  so-- .31 a2 37.31 bl .37 .
1P-1 0.57 64.71 16.64 21.25 16 21 60
CE-1 0.68 62,37 5.06 15.66 31 37 75
CE-2 1.64 4.90 70.51  109.48 33 40 77
CE-3 4.01 +21.45 94.06  118.56 30 b 7%
1c-1 0.53 -94.80  209.40  175.56 -13 2 3
1¢-2 1.02 41,11 129.66  103.43 9 2 53
1¢-3 1.95 37.03 26.47 46.09 40 . 84

Linde 80 Weld (WBA)
Unirrad,  ««e- 30,21 188,13 164,52 .61 6l o
Ck-1 0,88 45,32 10.88 42.56 69 75 130
CE-2 1.64 44,49 12.18 52.99 80 .o 141
CE-3 4.01 $1.10 7.49 34.95 66 .o 127
1c-1 0.53 25.58 48.46 50.23 22 40 83
1C.2 1.02 44,93 13.89 36.91 51 61 112
1¢-3 1.95 49,78 93.48 154,78 73 97 134

A 533-B Plate (236)
Unirrad.,  «--- 29.21  276.59 60.83 .83 .75 .
1P-1 0.57 41,25 51.03 50.92 7 26 90
IC-4 0.47 30.60 131.34 84.53 «54 -38 29

Linde 0091 Weld (W9A)

Unirrad. sone 22.40 519.22 b .24 -84 -77 ..
1C-4 0.47 13.69 91.27 94,29 -5 -1 79

& 1, 1s 0°C or 32°F
10" nsen? (E > 1 MeV)

€ Lower bound does not reach this level

E-10



cleavage fracture with no ductile crack growth in this curve-fitting,
in some cases one or more of the tests exhibiting ductile crack growth
are also used to provide an improved fit. In all cases, the trend
curves illustrated with the K; date are from curve-fitting to

Eq. E-8.

4.1 . 3F

This plate was tested in all three fluence rate levels, with one 1P,
three CE, and three 1C conditions., Detailed data for all of these
irradiation conditions and the unirradiated condition are given in
Table E-3.

Comparison of the J-R curves for the unirradiated condition of this
plate are i{llustrated in Fig. E-4. As expected, incressing the test
umrgturo tends to result in reduced J levels, although two JLurves
at 288°C exhibit moderate differences and bound the curve at 200°C.

In addition to the post-irradiation data included in this report,
several other sets of irradiated data for this plate are reported in
Rof. E-14 and E-15. From Ref. E-14 (the NRC's LWR-SDIP), Simulated

Houh € qupoulu (88C) were irradisted at & fluence rate of - 71!

n/cin , slightly lower than the flucnoo rate of ~ 9 x 10

n/c- for the IC irradiations. in Htll capsules were
trntﬁltod a lfluoncc rate of 2.8 x 10“ n/cn bounding the 5-6
x 10 n/c- -8 for the CE irradiations. The trudutod data from
Ref. E-15 for this plate is also from an in-core irradiation at UBR,
These previous irradiation data were from the plate 1/4T and 3/47
thickness locations, in contrast to the 1/2T location used for these
fluence rate assessments.

4.1.1 High Fluence Rate (1C)

Comparisons of the Ky, data for the IC conditions and the unirradiated
condition are illustrated in Fig. E-5. As expected, increasing the
fluence results in a higher transition temperature shift, as
{llustrated in Fig. E-6. In contrast, the upper shelf Ky, data do not
demonstrate similar ordering.

The J-R curves for each irradiation condition are compared in Figs.
E-7 to E-9. Tests at temperatures below 200°C were made with plane-
sided specimens, resulting in somewhat of an artificial elevation of
those curves in comparison to those from side-grooved specimens. In
each case, higher test temperature tondl to result in reduced J
levels, with tests at 200°C and 288°C geneially yilelding similar
trends. Conparuom of the J-R curves for all three irradiation
conditions at 200°C and 288° (Figs. E-10 and E-11) indicate no
consistent trends, as all three conditions yleld similar J levels to
those for the unirradiated condition (all conditions give curves which
appear to be from a common scatter band).

(text continues on pg. E=24)
E-11




Table E-3 Frscture Toughness Dats for A 30/-8 Flate (23F)

"lc lJc
-, P.L.  ASTM P.L.  AST™ N X
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A G

Naber Tmp (S =" = mom Pl ASM
) (- m) ( /ey (e3/ed)
ITERADIATYD

23F-1 -129 0.522 _— —_ —_— 4.5 — 32.4 2.5 3.6 32.3 — 705.5 638.1
237-104 -9 0.506 S — — 2.3 — 53.6 6.8 “®.5 si.3 — 82.3 %8
23784 -n 0.53 — e — PE X I — 7.5 4.6 5.7 674 — 6350 5.3
23766 -57 0.525 e, - d—— ».1 — 93.9  4h.b 61.5 74.6 —  SiT.A 3532
237-16 -43 0.517 i | a— 29 — 7.1 452 58.6 716 — 3.0 M.
23760 -3 0.521 SENE— — 0.6 — %.6 3556 6.1 75.1 - 7.0 5333
237-3 -% 0.508 — — o — 86 — 116.1 430 6.1 9.7 — S0 5305
23F-100 -26 0.519 — A e 103.4 2 — 156.0 4.1 73.5 8.2 — 6% D
zr-g -18 0.515 — 2 238.7 —— 2337 —— — —_ — $79.3 515.9
239~ -1 0.512 — £ _k 191.2 —_ 208.7 —— — —_— — S66.8  501.5

o 0.526 6.18 5.27 0.8 1ns.s  nraf 160.2  161.9 — e s  507.5 eA2T
237-9¢° 206 0.535 6.79 602 0.6 °0.6 9.9 199.5  140.5 —— i 62  490.2 WIs.e
237-46° 288 0.526 6.68  6.15  -0.53 92.4 9.8 139.2  138.8 p— I S&  S13.3 4326
7¥-116° 288 0.528 6.38  6.20 =0.18 8.5 862t 1%.6 132.9 P e S1 S13.3 436

IBRADIATYD TP-1 (TER-38)

Z!-l;;‘ -50 0.507 S — 2.6 — 72.2  S2.1 51.6 65.4 = eI W32
23%-5 -25 0.515 S | d— 6.5 — 6l.4 9.8 .3 $7.3 —  §15.1 3.3
237358 o 0.512 s — 6.3 —— 7.4 520 0.7 5.0 —  sm.0 087
239-25% 10 0.509 S e — LI — 1014 518 .5 8i.2 —  S79.6 9%
23-15° 20 0.514 . " c— PP — 1905.8  S52.2 6.9 238 — 5.7 0.
23F-1 n 0.506 e — %7 — 133.3  52.8 6l.7 9.3 — Bl 4818
23F a2 0.507 — L — — 65.6 —— 121.6 536 8.9 86.7 — 533 4&na
23458 50 0.522 — =B 385 155.6  169.0 136.9  194.8 —_— — % S48 6T.4
nr:g‘ 58 0.502 6.5 5.99  =0.55 w1 135.7f 177.9  174.5 —_ —_— 87 Sha.6  esh.e
23F 200 0.516 7.29 6.9  -1.10 1037  102.6 1494  168.6 — e s W2 ana2
zwss5e 288 2.521 5.05 5.76 -0.29 8.0 8s.3f 135.8  132.9 - . &2 | See.s 4528
® pre-test a/¥. ¢ Side grooved. £ Clesvage failure preciuded
 Optically-measured crack growth. ® valid Ky per ASTM E 399. determination of this gquantity.
© Crack growth predicted by compiiance. f valsd J;_ per ASTM E 813-81.

© Crack growth predicted by compliance. £
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Teble E-3 Fracture Toughness Deta for A 302-8 Plate (23F) (continued)

J1e K3e

Specimen Test & 5 "
Yomber Tep a0 m m° e P.l.  ASM P.L.  ASTM fy e tn & o

o) () () () /ed) ied)  OPak) OFak)  (Pak)  OPak) OPa)  O®a)

IRADIATED CE-3 (UER—4S5)
239-37 40 0.5% . e a— 8F 7.3 8.0 2.6 @O — 08 .6
23F-118 -20 0.530 G o .2 &3 62.0 W3 == S WD
237-82 0 0.531 Sime A s BS 87.4  40.8 59.1 Mh = DA Wi
23F-59 25 0.526 Sy s WP e 85.0 9.4 7.1 7.2 2 — 6089 S.8
23F-103 ) 0.526 | s WA - 143.5  S51.4 70.7 9.2 — g s
2373 s 0.513 — — a— 83 = 8.0 47.4 59.8 $1.3 —  386.0 505.9
23F-97 65 0.526 &8 Sr 4D 102.3  67.5 1513 122.9 - — 133 Sh.A .
23744 70 0.513 7.9 S.7 -1.3:2 108.2 6.5 155.4  112.3 - — 120 ST.4 .
235-22 80 0.533 5.58 532 0.2 132.0 2.8 171.4  127.2 S — ) 568.0 &87.5
237670 204 0.520 6.17 5.80 -0.37 5.8 n.nf 135.8  138.5 e — & 5683  e62.1
23F-7 288 0.527 7.06 6.17  -0.87 61.0  S6.6 i13.1  108.7 - — 2% 5848 @913
IRRADIATED IC-] (UER—6S5)

23F-12 - 0.492 —— | —— 68 — »I 3T 37.3 M7 — B Wl
23F-13 -5 0.492 e, e B 3.4 S2.2 0.2 $7.5 —  632.4 $51.0
23¥-52 -20 2.505 S | — Bl 95.9  48.2 0.3 ™2 — 3.5 Sn..
23F-29 -5 0.498 ——— . d—— By ®.7 7.6 0.9 770 — 5879 S0T.4
237-89 s 9.503 i, Lo B s 181.1  S0.7 68.9 ®2 — 582 Wa
23748 10 0.509 e m—— B3 101.7 8.0 5.9 2.7 — 5735 9.
23F-108 20 0.495 — E = 132.3 —F 173.1 —F _ _— - S64.7  4B6.S
239-7 % 0.504 e 2l 127.8  51.0 5.8 85.7 —  560.5 4&89.3
23F-12 0 0.505 5.08  3.89  -1.19 148.6 90.9 182.7  142.9 — — 18 SMl.6  a6l.7
23314 206 0.504 6.57 6.25 -0.32 2.7 saf 161,10 136 J— — 0 038 &17.6
237-67¢ 288 0.521 6.49  6.12 0.3 7.3 95.8f 128.1  161.7 it e 3B S04 es6.T
237-113% 288 0.511 6.97  6.31  -0.66 87.8  91.0f 135.7  138.1 . —— o SeD.6 687
® Pre-test a/¥. % Stde grooved. E Clesvage failure preciuded
b(»t!mlly-ﬂctﬁm "nu‘l.k’a“!”- determination of this quantity.
€ Crack growth predicted by compliance. f valid 3;_ per AST™M E B13-81.
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Table E-3 Fracture Toughness Dats for A 302-8 Plate (23F) (contimmed)

Specimen Test i S Jk ‘k
Wi ¢ Temr (and) - q,‘ tn,-ta, P.L. AST™ P.L. AST™ Ko | - ‘l‘q = e
"0 () (=) () (th) (th) (WPa/m) (Pak) (®adn) (Pl (s) (¥Pa)
RRADIATED IC-2 (UER-75)
23F-8 -50 0.498 _ —_— —_— 4.0 —_— 0.6 3.7 29.7 30.3 - 65 .8  574.9
23F-73 -20 0.50% —_ —_ —_— 204 — 68.3  49.9 51.9 63.1 — 621.7 540.6
23F-49 -18 0.504 _ —_— _ 34.1 —_— 88.4 53.0 59.0 73.8 — 619.5 538.5
23F-31 5 0.506 _ —_ _ %6  — 103.0 5.9 61.7 8.7 —_ 6.6 515.6
23F-13 2 0.489 - —_— — 8.2 — 64.2 50.9 8.8 8.6 — 589.9  508.3
237-87¢ N 0.500 — " — 7 ¥ T — 129.1  43.0 62.5 9.1 - 582.0 5014
23748 2 0.487 —_ —_— — Bk — 133.1 56.0 6.9 9.3 — $73.0 492.4
23F-5% &5 0.493 9.81 6.50  -3.31 149.2 126.7 183.2  168.8 J— —_ 160 $63.2 482.7
237-92 50 0.511 s 5 __= 105.3 -—F 153.8 —8 — —_ — 559.7 479.1
23F-114 55 0.500 8.08 6.6  -1.64 167.4 122.6 193.8 165.8 -— —_ 163 $56.4 &75.7
23F-1 200 0.507 6,68 6.08  -0.60 101.2 99.8° 147.6  146.5 _— J— 53 521.3  43.9
23F-2 288 0.512 6.58 5.67 -0.91 84.2 6.2 132.8 134 f— _ k74 558.5  464.5
IRRADIATED IC-3 (UBR-76)
23F-9 -25 0.505 — —_ _— 12.2 —— 52.9  50.8 65.64 $2.1 —_ 646.1  566.4
23F-28 0 0.503 —_ -_— _ 9.7 — 6.9  &8.9 51.3 60.9 — 620.1 540.8
23F-93 5 0.497 —_ — — 30.1 —_ 82.5 52.0 55.9 72.5 — 597.6 518.5
23769 2 0.495 _ —_— — 25.1 —_— 75.2 &9.1 53.2 9.8 —_ $91.9  512.9
23F-107 &1 0.498 —_ —_— — 3.9 — 92.4  &8.5 58.2 80.3 — 585.1  506.0
23F-74 50 0.489 7.86 6.01 ~1.85 126.2 831.8 168.4 137.2 —_ —_ 129 S78.7  &99.5
23F-112 55 0.505 _ —_— — 37.1 _ 91.3 52.4 57.3 80.2 —_ 575.3  496.1
23F-51 65 0.497 7.44 5.76 -1.68 140.9 107.9 177.5  155.3 _ _ 160 S69.1 &89.7
23F-47 65 0.499 7.52 6.30 -1.22 150.3 123.4 1833 166.1 —_ _— 1% 569.1  489.7
23F-14 75 0.508 7.45 6.25 ~1.20 146.8 11.7 180.9 157.8 _ _ 155 3.3 4P5.9
23F 200 0.510 6.05 5.86  ~0.19 106.4 9s.7f 151.3 143.5 — —_— 3% S40.2 455.3
237-32¢ 288 0.527 611  6.07 0.0 123.5  120.8° 1€0.9  159.1 — — % S17.5  e8e.9
: Pre-test a/W. € Side grooved. £ Ciesvage failure preciuded
Optically-measured crack growth. ; Valid K, per ASTM E 399. determination of this quantity.
Crack growth predicted by complisnce. Valid J; per ASTM E 813-8i.
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4. 1.2 Internediate Fluence Rete (CR)

In contrast to the generally consistent results evident for the hi
fluence rate (1C) data, dets for the intermediste fluence rate (CI)
are not as vell -behaved. Couparisons of the Ky data for each of the
CE conditions and the unirrediated condition are illustrated in Fig.
E-12, with &1l of the irredisted conditions compared in Fig. E-13,
All three of the CE dats sets demonstrate sinilar trends within the
transition region (indicative of an enbrittlement saturation "platesu’
phenomenon), surprising given the large fluence differences among the
three capsules (a factor of 4 between CE-) end CE-3). Date scatter is
not too severe, even for CE:1 (UBK-44) where the fluence varies by a
factor of « 2 for the extremes in the capsule (this capsule was not
rotated at nid-exposure as the others were).

The indicated saturation of embrittlement for this plate is not
expected, ’!von previous results with similer or higher fluence rates
at higher fluences (Ref. E-14). One consequence of the CE-1 data is &
very repid initial enbrittlement for this plate, with minimael
additional enbrittlement after subsequent drradiation time. The
frradiations themselves appesar to have been performed in &
satisfactory fashion, except for CE-1, UBR-44, which has « large
fluence gradient. Additionsl frradiations at this fluence rate to low
and high total fluences similar to those of CE:1 and CE-3 would help
to confirm the trend fully,

The J.R curve trends for the CE conditions (Figs. E-14 to E-16) are
similar to those for the IC conditions, where higher test temperatures
result in reduced J levels. Comparison of data for the three CE
conditions (Figs. E-17 ¢t E-19) is likewise generally consistent with
the observations for the IC conditions, where data for the irradiated
conditions are similar to those for the irradiasted conditions. One
éifference 1s at 208°C (Fig. E-19), where data from CE-3 has the
lowest overall J levels. However, data for CE-1 and CE-2 exhibit only
ninor differences with the unirradiated data.

4.1.3 Lov Fluence Rate (IP)

Kjo dats for IP-1 are illustrated in Fig. E-20. As with the other
irradistion conditions, data scatter is not too severe for the K ¢
data. On the upper shelf, increasing the test temperature results in
generally lower J levels (Fig. E-21). Toughness reductions due to
irradiation are minimal for the 1P.1 condition (Fige. E-22 and E-23).

4.1.4 Conparisons of Different Fluence Rates

Since comparisons of data from different fluence rates cannot be nsle
in all cases on & 1:1 basis due to fluence differences, transition
temperature comparisons will be made by looking &t overall trends as &
function of fluence. As illustrated in Fig. E-24, the highest fluence
rates (IC from this program, $8C-1 and $8C-2 from Ref. E-14, and UBR-
31 from Ref. E-15) tend to give the lowest embrittlement at low
fluence levels and the highest enbrittlement at high fluence levels.
In contrast, the intermediate fluence rates (CE in this program and

(text conunutnzgn P9. E~38)
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Fig. E=2I J=R cutrves for the 1P=]) (UBR=38)
{rradiated condition of A 302~ Plate 23F.
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the In-Wall Capsules 1, 2, and 3 In Ref. E-04) give the highest
enbrittioment &t lov fluence levels and lower embrittlemeni at high
fluvence levels. Trends for the M.“ snd _the intermediste fluence

rates cross ot & fluence of « 2 x 10 n/»’. At the lowest fluence
rate (IF frem this progran), the single dats point at & very low
fluence 1s loceted nidvay between the trends for the CE and the 1IC
fluence rates.

J:R curves for this plate at 200°C are fllustrated in Fig. E.25. At
low &8 levels (< 3 mn), the curve for 1C:3 s higher than most of the
curves and the curve for CE-3 1s much lower than most of the curves.
In other respects, the remaining curves are guite sinilar te one
another .

6.2 Linde 60 Weld (VBA)

This weld was tested st three fluences esch of the intermediste (CF)
and the high (1C) fluence rates. Detailed data for these irrediation
conditions and the wunirredisted condition are given in Table E-4.
Data for the unirradisted condition have been teeated previously in
Ref. E-2.

Comparison of the J-R ocurves for the unirradieted condition are
fllustreted in Fig. EB-26. Ab  expected, increasing the test
temperature tgoulu in lower J levels, with & large drop evident from
200°C wo 288°C. The latter is in contrast to the A 302:B plate
(Fig. B+4), where two curves st 288°C bounded & curve at 200°%C,

Besides the dats reported here, two additional sets of post:
irradistion dats from in-core irredistions are wsed for coumparison
purposes (Ref. E.2).

4.2.1 Migh Fluence Rate (IC)

Comparison of the K;, deta for the IC conditions and the unirradiated
condition are given {n Fig. E-27. As expected, increasing the fluence
results in  greater transition temperature shifts for the 10
firrediations (Fig. E-28), For this weld, data scatter in the
transition region appears to be greater than that for the A 302.B
plate (23F). At least a partial csuse of this appesrance is the lower
upper shelf toughness for this weld and an apparent magnificetion
effect of the scatter resulting from the reduced toughness range
exhibited by this weld. A second ceuse is undoubtably the somewhat
large scatter inherent to the weld metal, as indicated by data for the
unirradiated condition.

In terms of upper shelf toughness, comparisons of the J.R curves for
each of the irrediation conditions are 2llutumd in Figs. E-29 to
E-31. Tests ot temperature below 200°C are somevhat elevated in
comparison to those at higher temperatures due to the use of plane:
sided specimens for the lov temperature tests. Comparisons of the
curves for all three irradistion conditions at 200°C and 288°C (Figs.
E-32 and E-33) indicate fairly large reductions in J levels after

(text continues on pg, E~52)
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Table T4 TFracture Toughmess Dats for Linde %0 Weld (WRA)
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Table B4 Fracture Toughmess lnta for Linde 80 Seld (MBA) (comt lmmed)
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Table T4 Fracture Tougimess Deta for Linde R0 Seld (WRa)
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