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Tanie | Irradiation Experiment Matrix (ASTM L-C Oriestation Specisens)

Experimest Irradiation Fluence Target Postirradiacion® Specimen Types Specimen Compiesent
Temperature Test Comd‘tions
S cr Teasile
.  Coad® ("0 (a/en’, £ > 1 me¥)
i usees 288 s = 10" 1, 1A%, lAyg,, TAy, €. 0.57-Cr%, Temstle® o % .
& oea-ref 288 2.7 = 10" 1. . €. 0.57-CI, Tessile wed 2 226
) ul” v
2 e’ s &= 10" 1 €,. 0.5T-CT, Tensile 13« 58 s 2
s usn-son’ 28 2.3 = 10" 1 €, Temsile 15+ % ) .

® 1= ss-trradiated; Thygy = Irradisted + I99°C-168 b annealed; 1A, = irradisted + 454°C-168 b .nnesled
® MEA sssembly mmber

“ umspecified snmesl comditios

¢ 12 7-mm (0.5-4n.) thick comsect tession specimes

® S.74wm (0.226-1n.) gage dismeter

' Seme C-L oriestation €, temsile specimens incloded

€ ASTM C-L ortemtation (C)) or OFL orientstion (temsile)
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6. THROUGH - THICKNESS PROPERTIES CHARACTERIZATION (PHASE 2)

The base metal GEB-2 was selected for the continuing program. This
NRC/MEA decision, in part, reflected the large amount of material
available, Also, it was decided that L-C orientation specimens (only)
would be used for the balance of the program, including irradiation
tests, to minimize cost.

Through-thickness properties of the GEB-2 base material were deter-
mined to establish baseline (reference) properties. (Note: The
Phase 1 verification tests employed specimens from the 1/4T-thicknes:
location only.) This information helped guide the choice of ber.
forging sampling location for test reactor irradiation experiments.
The properties investigated were notch ductility, tensile strength,
and static fracture toughness, including J-R curve properties. Tests
were in conformancs with ASTM Standard Methods F 8, E 23, E 399,
E 813, and E 1152 as applicable to the individual test methods and
conditions. Procedures for testing the compact tension specimens (in
this case, 12.7-mm thick O0.5T-CT specimens) are outlined in
Reference 11, Appendix B provides diagrams used for the cutting of
specimen blanks for the Phase 2 investiga:ions and for the Phase 3
frradiation studies discussed below.

MEA Report No. 2159-A (see Appendix C) dorcuments the primary MEA
findings on through-thickness properties. The determinations made
with fu)l size specimens (ASTM Type A), 5.74-mm diameter tensile
specimers and 12.7-mm thick CT specimens (0. 5T-CT) show a good
uniforrity of properties through the materiil. Table 3 summarizes the
tensile test results. Yield strength differences are less than 21 MPa
(3 k1), Figures 2 through 5 illustrate the experimuntal C, and CT
terc data. Differences in brittle-ductile transition temperature
indexed to the C, 41-) energy level . e on the order of 11°C and are
on the ordsr of 17°C for tran itions {indexed to the CT
K; 100 MPa/m toughness level. C, uppe <helf levels for the 1/8T-,
1/4T-, and 7/8T-thickness locations wer the s uwe but were somevhat
higher than that of the 1/2T-thickness ation ‘103 J vs. 90 J). Ne
significant difference in upper shelf toughners due to thickness
location was observed in CT specimen tests.

Based on the through-thickness properties wviiformity, the
1/8T-thickness position was selected over the 1/4T-thic“ness position
for the {irradiation {nvestigations. For the vessel itself, it was
reasoned that the 1/8T layer, haviag received the greater fluence
in-service, would offer a high level of embrittlement for making
comparisons for the fluence rate effects. Secondly, this layer better
represents material assoclated with the small flav case in Pressurized
Thermal Shock (PTS) scenarios

10
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7. IRRADIATION ASSESSMENTS OF ARCHIVE BASE METAL (PHASE 3)

Tl Irradiation Experiment ULR-68

The initial workscope called for only one irradiation exposure of the
archive material., Sufficient C,, 0.5T-CT, and tensile specimens were
to be provided for tasting the as-irradiated condition and three
postirradiation heat-treated (annealed) conditions (see Table 1). The
irradiation was conducted in the C-2 fuel lattice position of the 2-MW
pool-type test reactor known as th1 UBR apd located in Buffalo, NY.
The fluence rats was about 8.5 x 10 2 n/em*-8 ", E > 1 MeV. Fluences
vere established from Fe, Ni, Co-Al, Ag-Al, and ?%%U dosimnters placed
within the specimen arrays. Specimen temperatures were monitored with
thermocouples welded to the specimens; temperatures vere controlled by
external instrumentation. The experimental assembl ‘onsisted of two
capsules (A and B) in tandem and was designated UBR-68. Capsule A
contained the C, and tensile specimens; Capsule B contained the
0.5T-CT specimens (see Fig. 6).

An expopure emperature of 288°C (nominal) and a target fluence of
8 x 10°° n/em®, E > | MeV were specified. These parameters reflected
best estimates of the vessel operating conditions ard end-of-life
(EOL) exposure by the FRG at the tice of program {nitiation in 1984,
(Both parameters were later revised downward based on new information
supplied to MEA and MPA, as discussed in Section 7.2.) Appendix D
provides records of dally operating temperatures for UBR-68; Appendix
E provides average fluence rates determined from individual neutron
dosimeters.

Typically, specimen temperatures were held to within 8°C of the target
temperature, The lV.i“‘ fHPonco received by the C, and tensile
specime w9 8276 x 10*® n/cm®; that received by the CT specimens was
8.6 x 1 afc (Fluence values given here and elsevhere in this
repor. ire calculated spectrum values unless noted othervise.) The
uncertainties In fluence rate (neutron flux) determinations from the
iron, nichel, and 7% dosimeters were judged by the counting
laboratory, EG&G Idaho, to be % 8%, * 7%, and * 58 for the 1 o confi-
dence level, respectively. These uncertainties do not include any
uncertainties that would be associated with actual spectrum .“erage
cross-sections of the {rradiation filelds or with burnout of the
reaction products of interest. The uncertainty in cross-sections from
the neutron spectrum calculstion i{s less than 15%.

The postirradiation C, test results are compared to data for the pre-
{rradiation condition in Figs. 7, 8, and 9 and Table 4. The curves
shown in these figures (and in the later C, data fllustrations) are
visual best-fits to the data. Individual C, test results for the as-
irradlated condition and the two postirradiation annealed conditions
are given in Appendix F along with computer curve fits of the data and
the values of curve-fit parameters. Comparisons of the hand-drawn vs.
computer-fit curves show a close agreement in the 41-J transition
temperature determination in each case (see Table 2 of #Appendix F).
Referring to Tig. 7, a €, 4l1-J transition temperature elevation of
44°C was produced by the irradiation. In comparison, a 48°C elevation

1¢
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Tensile test regults are summarized in Table 5. A 76-MPa elevation in
ambient temperature yileld strength and a 59-MPa elevation in ultimate
strength were produced by the {rradiation. Tests at 288°C showed a
23-MPa elevation in yleld strength and a 16-MPc elevation in ultimate
strength. The 299°C.168 h and the 454°C.168 h postirradiation heat
treatments achieved 708 and 100% recovery ‘n yleld strength, respec:
tively. Accordingly, yleld strength changes fallow well the
concomitant C, 41-J transition tewperature changes.

7.2 Through-Wall Fluence Determination

The fluence deterrinations made at various depths through the vessel
wall, using a slice from Trepan G, are listed in Table 6 and are
fllustrated i{n Fig. 17. The determinations were made by EG&C ldaho,
Inc. (J. W. Rogers) for MEA under subcontract. Details of the fluence
determination procedures are given in Reference ‘2 (Appendix H).

Important to the thrust of the USA/FRG/UK program, the fluence to the
mncr-"ll :uiuco vas much less than the original fluence estimate of
1 = 10°7 n/ca®, l“» 1 MeV, made at the time of vessel decommissioning
and he 8.8 x 10'" n/em® fluence received by the UBR-68 {rradiation
experiment In turn, the planned 1:1 comparison of embrittlement for a
fluence -rate-effects determination could not be made. (Note:
Material for the through-wall fluence determination unfortunately was
not available at the time of the UBR-68 {rradiation test )

Table 6 includes cthrough-wall fluence projections (i.e., attenuated
fluence values) by Revision 2 of Regulatory Guide 1.99. Figure 18
compares the projections against measurements. The projections of in-
vall fluences appear much higher than the measurements indexed to an
assumed fisslon spectrum but are within 5 percent of adjusted
measurement values indexed .o the calculated spectrum. A best-fit
equatin for the filssion spectrum based data has an exponent value of
0.41,

7.3 UBR Test Reactor vs  Service-Irradiation Embrittlement

data developed by MPA with Trepan C and C samples having the L-C
and C-L orientation are {llustrated in Fig. 19. The samples vere from
trepan specimen layer No. 2 which corresponds approximately to the
1/8T-thickness location. The data trend for the archive material from
the UBR-68 experiment is also shown for comparisen. The flucnce to
the trr‘cn fnclum (MPA  determination) was approximately
2.4 x 10*® n/ce® or about one-third that received by the archive
material . Nonetheless, the trepan L-C orlentation tests describe a
60°C increase in 41-) temperature and a 50-) decrease in C, upper
shelf energy (referenced to the preirrad’stion properties of the
archive material). Accordingly, the service-induced embrittl.ment is
shown to be much greater than the accelerated (test reactor) irradia-
tion induced embrittlement., A second observation is that the trepan
C-L orientation data describe only a 30°C increase in €, &1-J transi-
tion temperature and a < 10.) decrease in upper shelf energy
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(Ref, 1). As noted in Fig. 19, a portion of the transition
temperature elevation for the trepan material can be ascribed to a
time-at temperature effect without neutrons present. The above L-C
ve, C-L data comparison together with the relative embrittlement
sensitivity found in the UBR-68 experiment constitute the anomalous
behavior referred to at the beginning of this report.

Prior experience in test vreactor {rradiation studies and the few
comparisons of C.-L wvs. L.C orientation data available from power
reactor surveillance programs have led investigators to expect roughly
comparable elevations in 41.J transition temperature for L.C wvs. C-L
test orientations. A companion expectation {s a greater "absolute®
reduction in upper shelf level for that test orientation having the
higher preirradiation C, upper shelf energy, that is, the “strong®
test orientation, for cases wvhere the preirradiation difference {s
quite pronounced. This expectation is one reason that the projection
of upper shelf reduction by the NRC Regulatory Guide 1 99 i{s given in
terms of percent decrease ratoner than an absolute value for a given
fluence .

7.4 Fellow:-On Irrediation Experiment Matrix (UBR-78, UBR-79, UBR-80)

To verify the anomalous behavior, and separately, to obtain a eritical
test of neutron spectra effects on irradiation embrittlement sensiti.
vity, & set of three additional experiments was undertaken for the
archive material  Irradiation parameters and specimen complements are
indicated in Table 1. The specimen loadings of the three experiments
are indicated in Figs. 20 to 22, dally operating temperature records
are includea in Appendix D,

The thrust of one nev experiment, UBR-78, was the development of a set
of data for a fluence closely matching that actually received by the
1/8T -thickness location of the vessel (Trepan C and G). As with
experiment UBR-68, Capsule A contained C, and tensile specimens and
Capsule B contained O .5T.CT specimens. The second experiment,
UBR-79A, addressed the question of the effect of (rradiacion tempera-
ture on material irradiation sensitivity  Here, & reanalysis of the
probable vessel wall mnuu temperature by the utility i(ndicated a
service teperature of 279°C for the vessel belt-line raglon, rather
than 288°C. This best estimate was derived mainly from downcomer
rater temperature infermation. To test the irradiation temperature
ffect more crtuully. the targe: temperature for UBR-79A was 275°C,
ather than 370 €. The target fluence was the same u that for the
original 288°C experiment, UBR- CI In actualirvy, tho specimens in
UBR-79A were irradiated at 260°C (Group 1) and 275°C (E}oup 2). The
temperature difference resulted from the “piggybacking® of the six
0.5T-CT specimens in with the C, specimen array. The developmen: of
two temperature zones, howvever, proved fortuitous.

The third experiment, UBR-80, was undertaken to cbtafm high fluence,
208°C irradiation data for a light-water environment, for comparison
with data being developed by lu“n tos 8 heavy-vater environment
The targst fluence was 2.3 n/em In the interest of a
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sompleate summation of MEA investigat’ons on the archive material, data
from the UBR-80 {rradiation test are provided below. Data ‘vom the
cited Harvell investigations are not expected until late 1989,

The C:L and L-C test orientations were included in all three irradia-
tion assemblies (UBR-78, -79A, and -80A) to qualify the orientation-
dependence of radiation sensitivity for the reactor vessel mat rial.

The specimens for the {rradiation assemblies were removed from the
code GEB-2 ring torging at locations adjoining but someviiat displaced
from that supplyl g the unirradiated condition test specimens. As &
precaution against possible property differences around the forging
circumference, a nusber of extra specimens were cut along with ¢t

specimen complement for irradiatirn, for check: tests of unirradiat

condition properties. Results fiom the CT check-test specimens a

fllustrated in Figs. 23 an' 24. Good consistency of the data in ten

of transition regime trend and J:R cui ¢ trends ‘s obs/ rved .
similar consistency vas observed f r the C, specimen data sets,

7.%  lgredistion ®xperiment UBR:-78

C, data for the L-C orlentation and the C-L (strong) orientation are
presented in Fig. 25 and are tabulated in Appendix F. Appendiy F also
Includes computer curve-fits of these data wnd curve-fits for the datas
from experiments 79A and B0A. The cw‘vo ﬂrneu received by the
UBR-78 ””t nt  specimens, 2.7 x 1077 n/ca® (C,, tensile) and
2.6 x 10*° n/cm (0.5T-CT). essentially mateh 1:1 the fluences
raceived by the Trvepans C and G at their 1/8T.thickness location.
Average fluence rate values determined from individual neutren
dosimeters iIn irradiation experiments UBR-78, UBR-79A, and UBR-B0 are
included in Appendix E.

Unlike the trepan test results, the dats from this experiwent do show
about equal €, 41-J transition trsperature elevations and about equal
upper shelf energy reductions for the L-C and C-L test orientations.
The reductions in upper shelf energy were ssall, that (s, nominally
5 J or less. !h elevacions in 41-) transition temperature were aliso
small, about 187°C,

A comparison of the C.L orientation results for the trepan vs. the
archive .aterial indicates a reascnably good agresment (Fig 19) The
transition temperature elevations are within 107C, the vpper shelf
reductions are both less than 10 J. The data sets for the L.C
orientation, on the other hand, reinforce the original ancomalous
indications for *he trepan

Data frowm the 0. 5T.CT specimens irradiated in experiment UBR-78 are
given in Appendix G. The 100 MPa/m temperature elevation is somevhat

higher than the 41-) temperature elevation, In the transition
regime, the data lie between that from experiment UBR-68 and that for
the unirradiated condition (Fig. 26). The 100 MPa/m transition

temperature elevation is about 608 of the 100 MPa/m temperature
elevation observed with experiment UBR-68. The J-R curves for 177%
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7.7 Irradiation Experiment UBR-80A

The experimental C,, data are illustrated in Fig. 32. The inclusion of
C-L and L-C orientation specimens in this assembly provided a critical
test of the orientation dependence of the upper shelf reduction. It
should be noted that the blanks for the two specimen sets were located
very close to one another and to the check test specimens in the
archive material stock. A 36-J reduction in upper shelf energy level
is described by the C-L orientation data whereas a 19-J reduction is
found for the L-C orientation data. The greater reduction by the
"strong" test orientation {s consistent with the data from prior
ac:elerated irradiation tests.

The transition temperature elevation recorded with this experiment,
when joined with those of experiments UBR-68, UBR-78, and UBR-79A,
provides the embrittlement trend with fluence shown in Fig. 33. The
trend in yield strength with fluence i{s also shown. Where specimens
of C-L and L-C orientations were available, a general independence of
the yleld strength elevation on test orientation is indicated. The
data indicqte the following relationship: A°C (41-J temperature
elevation) = 1.67 AMPa (yleld strength elevation).
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8. DISCIUSSION

A reasonable explanation for the "anomalous" test orientation depen-
dence of radiation embrittlement found for the material trepanned from
the KRB-A vessel has not been provided by the second group of
experiments with the archive material. Accordingly, the studies
should continue.

The original NRC objective for the USA/FRG/UX {investigation was to
critically tsat the {influence of fluence rate on {rradiation
embrittler ~t and postirradiation embrittlemen:t relief by annealing.
In view of the anomalous trepan data comparison, caution {s advised in
making a fluence-rate assessment in the present case. That is, the
L-C orientation data for the archive material vs. the L-C orientation
data for the vessel trepans suggest a fluence-rate effect while the
C-L orientation data for the two materials do not. Fortunately, both
test orientations of the trepan were evaluated at the outset,
otherwise, potentially erroneous conclusions could have resulted. The
prima facie evidence for the L-C orientation (only) could easily have
provided a conclusion that a highly detrimental fluence-rate effect
exists for this particular steel type or composition. The evidence
now available does not preclude such a conclusion in the future, but
the anomalously high radiation embrittlement sensitivity of the L-C
orientation relative to the C-L orientation is not supported by
present experience with other materials.

Metallurgical explanations for the anomalous set of results are being
sought through state-of-the-art microscopy and direct analyses of the
fracture surface properties, including composition, Perhaps some
preferential radiation-induced segregation could be responsible for
the greater embrittlement to the "weak" orientation compared to the
“strong" orientation,

An explanation could reside in the fabrication history of the vessel
ring forging {tself. Nothwithstandirg the good agreement found in
verification tests between archive materfal and vessel material
(composition, strengtl,, microstructure, C-L orientation notch
ductility), the documentation on preirradiation L-C orientation
properties of the vessel material is practically nil, It {s neted
that ving forgings can exhibit significant differences in properties
around their circumference. One forging material included (n the
second round of IAEA studies ¢ the reliability of reactor pressure
components (Refs, 13, 14, and 15) 1is an example. Carrying this
forward, the properties of the archive material may not adequately
represent the properties of the vessel material at the particular
location at which the trepans were removed. The failure of trepan
specimens annealed at 454°C to develop the same upper shelf level as
the archive material specimens in the unirradiated condition (Ref. 1)
may be indicative of such a scenario. In the broad sense, potential
material wvarfability iIn the preservice condition points to a
conceivable problem in reactor vessel surveillance data applications
on one hand, and a problem of data bank analyses for Regulatory
Guide 1,99 application on the other, particularly at low fluences
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where the potential for large percentage errors are greatest. The
performance of routine "check tests” of preirradiation properties as a
precaution in critical data applications is one means of improving on
this situation.

In the case of the present USA/FRG/UK program, MEA and MPA have
proposed that the anomaly be resolved by a test reactor irradiation of
specimens made from tho outer (low fluence exposure) ligaments of the
trepan. EA experiment designs are available for this purpose. If
the same orientation dependence of embrittlement sensitivity {is
indicated by this {rradiation test, it could be concluded that the
anomaly is rooted in the material tested and rnot the difference in
fluence rates involved (UBR vs. KRB-A service). If the same orien-
tation dependence is not indicated, it will confirm the fluence-rate
effect. In similar fashion, the approach precludes any uncertainties
{n later material comparisons by microscopy for the mechanistic cause,




9. SUMMARY

The accomplishments and primary observations of th.s investigation
are:

. Two welded ring segments obtained by the NRC from General
Electric Company have been identified to a high degree of
certainty as archive material fcor ring No. 7.1 of the
Gundremmingen KRB-A reactur vessel, Verification tests
involved metallurgical and compos!tion tests and archive
material comparisons against unused surveillance specimens
and portions of the vessel removed by trepanning.

. Notch ductility, fracture toughness (J-R curve), and
tensile properties of the archive material through 1{ts
thickness were determined experimentally using full-size
C, specimens, O0.5T-CT specimens, and 5.74-mm diameter
tensile specimens oriented {n ASTM L-C and C-L
orientations. Relatively good uniformity {n properties
was observed between g O 1/4T-, 1/2T-, and
7/8T-thickness locations. The C, upper shelf energy level
of the L-C orientation was about 30% lower than that of
*he C-L orientation (107 J vs. 155 J); the yleld strengths
of the two orfentations were about the same.

. The fluences received {n through-wall locations were
determined for the KRB-A pressure vessel. The fluence at
npproxinﬁoly 2 the 1/8T-thickness loction was
2.7 x 10*® n/em® uncorrected for neutron .Ptitm zahapc
(fission spectrum assumption) and 2,38 x 10'° n/cm® for
the calculated neutron spectrum conditions at the vessel
trepan location. The vessel inner-wall fluence {s much
lower than that originally projected by the FRG at the
time of decommissioning.

. The archive uaterial was {rradiated in the light-water
cooled Td mogderated UBR test reactor to 2.7, ﬁ.!. an
23 x 10" n/ea? at 208°C and to ~ 8.7 x 101 n/eca
(E > 1 MeV) at 260°C and 275°C. Good agreement in 41-J
transition temperature elevation was observed for the L-C
ve. C-L orientation; the upper shelf energy reduction for
ths C-L orientation was about equal to that for the L-C
orientation at the lowest fluence condition evaluated but
was greater than that for tne L-C orientation at the
higher fluences.

. ‘“he L-C orientation C, data for the archive material
irradiated in the test reactor (accelerated {irradiation
conditions) describe less embrittlement than L-C orienta-
tion data for _he vessel materifal at about the same
uence. This can be interpreted as a fluence rate effect
'ndication. Comparisons of C L orientation data for the
archive materfal and trepan material, however, show about
the same radiation embrittlement at a matching fluence,
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The L( orientation comparison assumes that the

sreirradiation yroperties of the archive material
¥ 3 i
represent those of the vessel material which are unknown

The large difference in apparent radiation embrittlement
sensitivity between the C-L "strong" test orientation
low) vs the L-C "weak" test orientation (high) 1is
anomalous: one approach for resolving the anomaly 1is
described
ire toughness
tended to Dbe
sscribed by C. sts for " RRY(
For fluences 7 % 10
difference and

Upper shelf (J-R re toughness
degraded mifican 4 'Y 0 the test

ées were as
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MATERIALS ENGINEERING ASSOCIATES, INC.

MEA-2095

PREIRRADIATION QUALIFICATION OF MATERIALS IDENTIFIED AS KRB-A ARCHIVE

J. R. Hawthorne

1. BACKGROUND

MEA has the task of irradiating and evaluating Gundremmingen “eactor
vessel archival materials in support of NRC research on long-term, in~
service irradiation effects. MEA's results, together with
detarminations by MPA of the Federa! Republic of Germeny (FRG) on
materials trepanned from the KRB-A veasel itself, will be analyzed for
the effects of neutron exposure rate, steel composition, through=
thickness damage attenuation, and for the correlation of Charpy-V (C')
noteh ductility ve. fracture toughness vs. strength. Properties
recovery by postirradiation heat treatment will also be {investi-
gated. The MEA and MPA programs are limited to studies of the base
metal. Studies of the girth welds are not being performed. The NRC
decision to forego weld metal investigations stemred from the FRC
determination that more than one filler metal was euployed in complet~-
ing the weld thickness; that is, each weld has a composition variation
through its thickness.

In April, 1985, two nleces of weldment {dentified by stamp markings as
"KRB Vessel”, were acquired from the General Electric Company (GE) -
Vallecitos site. Each of the pleces represents a ring segment. One
weighing approximately 3,200 1b. contains a circumferential weld
deposit located at the half~height of the ring; the second, weighing
only 450 1b., aleo contains a circumferential weld. In this case, the
veld is placed closer to one edge than the other. Both segments are
approximately 4~11/16 in. thick. The smaller plece was given the code
GEA by MEA; the larger pleces was assigned the code GEB. In this
report GEA and GEB are termed “archive materials.” The two base
metals of GEA were given the code number GEA-l and GEA-~2, respec~-
tively; those of GEB have the codc number GEB~1 or GEB-2.

Inftial task objectives were the determination of the chemical compo~
sition, hardness, tensile strength and notch ductility of each of the
four base metals contained in the welded ring segments. Microstruc~
tures were also to be identified. The findings were to establish
vhether or not the base metals are from the same parent materfal (or
steel melt). Additionally, the results were to be compared against
documentation for the KRB-A vessel to determine {f the material
acquired from GE is in fact archive material for the vessel. Specifi-
cally, the material from GE is believed to be a portion of forging
ring no. 7.1 of the KRB-A vessel.
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This report summarizes the MEA findings ca the archive materials to
date.

2. APPROACH

A phased approach to the qualification of the archive materials was
chosen. Phase 1 included determination of material chemistry at the
one quarter thickness position in each of the base materials, that {is,
GEA-1, GEA-2, GEB~1 and GEB-2, referenced to their {inner (1.D.)
surface. In addition, hardness levels and gradients through the
thickness from the outer (0.D.) surface to midthickness were to be
established. Metallographic examinations were also a part of Phase 1
efforts. Phase 2 involved the cutting, machining and testing of
standard C_, and 5.74 mm (0.226 in.) gage diameter tensile specimens
from the 1’61‘ location in each of the materials. The specimens were
to be removed in two orientations: axial and circumferential.
Figures 1 &nd 2 sre cutting plans deseloped fur the removal of speci-
men »lanks. Phase 5 (future) will develop through-thickness
mechanical properties for the one base metal o be chosen, based on
Phase 1| and 2 findings, for the main irradiation study.

In addition to the evaluation of wmaterial frow the rings GEA and GEB,
MEA tested three HAZ C, specimens from the original KRB-A vessel
surveillance program primarily to obtain stock for ~heck tests of the
chemical composition of the surveillance base metal. The hardness of
these specimens was also determined (before impact testing). The
specimens, f{dentified as DM, D6E and D7Y were in the unirradiated,
unaged condition and were obtained by Hawthorne (MEA) at the time of
his visit to the reactor site. They were removed from top surface,
1/4T and 3/4T thickness positions, respectively, in the 122 mm
(4.8 in.) thick weld made for the vessel surveillance program. Exact
specimen locations in the weldment and other particulars are
documented in Appendix A. In this regard, documentation which exists
for the surveillance weld (and for the archive materials) is sparse.
This is due, in part, to the vintage of the vessel and to the less
stringent requirements generally 1in force at the time of vessel
manufacture.

3. RESULTS

3.1  Chenmical Composition Determinations

The chemical compositions of the archive materials ars listed in
Table 1 along with the composition of forging ring no. 7.1 given in
the KRB-A documentation (Ref. 1). MEA findings for the base metal
portion of the survelillance specimens DM, D6E and D7Y are also
included in this table. 1In the case of the archive materials, GEA and
GEB, the determinations were made on drillings taken from a
38 x 38 x 13 em (1.5 x 1.5 x 0.5 in.) thick sample centered approxi-
mately on the 1/4T plane of each base metal (Note: The cutting
diagrams in Figs. 1 and 2 1llustratc the general locations of the
38 x 38 wm x full thickness cutouts from which the stock for
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Fig- 2 Cuttimg Plan for removal of Charpy-~V (C,) and tensile (T) specimens

from the quarter thickness region of Ring GEE (Base Meotals GEB-1 and
CFB-2).
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Table 1 Chemical Compositions of Archival Materials, Codes GEA and CEB

Material Chemical Compositiomns (Wt-I)

c - si P s Ni Cr Mo Cu As Sa Sb v
GEA-1 0.23 ©0.70 0.23 ©.017 0.013 0.77 0.37 0.66 0.15 0.021 0.021 0.007 0.031
GEA-2 a.26 ©0.71 0.21 0.014 0.018 0.77 0.3 0.66 0.15 0.023 0.021 0.007 0.030
cEs-1 0.23 ©.71 0.21 0.017 0.019 ©0.78 0.26 0.66 0.16 0.023 0.021 0.007 0.031
GEB-2 0.26 ©.71 0.21 0.015 0.018 0.79 0.37 0.67 0.15 0.021 0.021 0.008 0.031
KRB-A Vessel® 0.22 0.78 0.24 0.019 0.017 0.82 0.38 0.62 »
Ring 7.1
Melt 931-137
o 0.23 O0.71 0.26 0.022 0.015 0.8 0.38 0.64 0.16
D6E® 0.23 ©0.71 ©0.25 0.026 0.019 0.8 0.36 0.63 0.15 -~
oIY" 0.26 ©0.71 0.25 0.022 0.015 0.85 0.37 0.65 0.16

4 Referemce:

» Not reported

€ Survelllance Specimeas

Schleimar, Untersuchungsbericht U 4152, Dec. 11, 1964.



composition and hardness determinations was obtained.) Composition
determinations on the HAZ C specimens also utilized drillings.

Composition date for the riungs depict a close similarity in chemiJtry
for all four archive materials. It appears reasonable that they were
all from the same steel melt. The coaposition values also match well
the reported composition for vessel ring no. 7.1 (Ref. 1). Further~
more, the archive material chemistries are close to the composition
determinations for the individual surveillance specimens. In Table 1,
the nickel content variat'‘en is not coneidr.ed indicaiive of two or
more materials at this tim

3.2 Haraness Determinations

T:ste for material hai Jness and the hardness gradient in the ring
thickness direction were made on the larger of the two pileces left
over from the corner cutout after the chemical composition sample was
removed (see Fig. 3). Pairs of Indents were made at 12.7 mm (1/2 in.)
intervals, starting at a location about 6.3 mm (1/4 in.) beneath the
0.D. surface. Hardness readings a e listed iu Table 2. Here, GEB-]
and GEB-2 are observed to have comparable hardness levels and
profiles. GEA-l and GEA-2, on the other hand, have a small hardness
difference, especially at test depths no. 3 and 4. No particular
significance can be attached to this difference at this time.

3.3 Microstructure Examinations

Microstructures of GEA-1l, GEA~2, GEB~l anu GEB-2 are shown in Figs. &,
5, 6 and 7 respectively. Through-thickness determinations were made
for GEA-1 und GEB~l; only the 3/4T position was examined for GEA-2 and
GEB-2. In general, the structures {llustrated are tempered upper
bainite or tempered uvpper bainiLe in combination with free rlerrite.
For both the GEA-1 and GEB-~1 materials, a through- hickness gradient
s apparent iIn terus of the amount of free ferrite present. While
absent at the 3/4T and surface locations, a wsigni.ficant amcant of
fervite 1s present at midthickness. Also note that GEA- ghows a
greater proportion of this consitiuvent than GEB-1 which infers a
slight difference in their primary heat treatment history (o original
section size). On the other hand, the structures of the 'EA-l and
GEB~1l are quite osimilar at c¢he 3/4T (and presumably, tie 1/41)
location. In contrast, the structure of GhA~2 shows a great ¢ prapor=-
tion of ferrite, compared to GEA~1 at the 3 4T location. Jhis could
be due to local banding and is being investigated further.

The microstructures of the base metal portions of the three HAZ C
surveillance specimens are currently being established and will be
compared to thuse of the archive wsterials. As noted above, ‘“he
specimen represent top surface, 1/4f or 3/4T thickness positions in
the valdment awi: for the vessel surveillance program.

3.4 Strength Oeterminations

tensile strength determinations (1/4T location) are sunsaric.d in
Table 3. In general, a wmajor difference between axial and
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Fig. ) Schematic i{llustration showing locations of hemical composition and
hardness test samples in base metal thickness



Table 2 In-Depth Hardness of KRB-A Archival M terials

Test Harduess (Rockwell-B)
Position
GEA-1 GFA-2 GEB~1 GEB-2

1 94.9 === 93.2 92.8 93.5 93.7 91.9 91.6
2 94.9 941 92.4 933 93.0 93.2 92.1 92.1
3 94.8 94.8 90.5 90.3 92.0 91.7 81.4  91.9
. 92.0 90.7 89.9 88.7 91.2 91.9 1.6 92.1
5 89.8 89.1 8.3 89.3 90.6 91.6 89.3 89.9
6 90.4 91.0 90.5 90.6 91.8 90.5 MN.8 90.9

* 1/4~in. below 0.D. surface
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Fig. 7 Microstructure of Base Metal CEB-2 at 3/4T thickness locatien.



ame ter Sped ]




Y

circumferential (CMFL) test orientations was not observed for any of
the four archive materials. Also, good agreement between properties
of GEA-1 vs. GEA-2 and bdetween properties of GEB-1 and GEB-2 {is
found. A significant difference in yield and tensile strengths,
however, 1is noted on comparing GEA~l and GEA-2 vs. GLEB-l1 and GEB-2.
The reason for the lack of agreement is not known, although it could
be related to some differrnce in postweld heat treatment condition,
e.g., stress relief annealed vs. non-stress relief annealed, or a
difference in locations of GEA and GEB in the original (full) ring
forging, or a dissimilarity in specimen thickness positions in the
forging. In regard to the last possibility, it is roted that the
rings show evidence of rough machining, presumably from steps taken to
make the rings “round” after fabrication. The depths of machining
cuts on the O0.D. and 1.D. surfaces differ between CEA and GEB as
pointed out in Figs. 1 and 2.

3.5 Rotch Ductiliry Determinations

Charpy V-notch ductility test results obtained to date (1/4T location)
are listed in Table 4 and are illustrated in Figs. 8 and 9. Unlike
the tensile test findings, a large difference in notch ductility is
observed between axial and circumferential orientations. Determina-
tions at 93°C (200°F) for the axial orientation depict an upper shelf
energy level approximately 30 percent lower than that of the circum=-
ferential direction. Compared to GEA, GEB materials have a someshat
higher upper shelf level consistent with their .ower yield strength.
The difference is more apparent in the axial orientation data.

In Figs. 8 and 9 the data developed for GEA and SEB are also compared
tc results developed in the mid-1960's for the vessel material
(Ring 7.1, strong orientation) (Ref. 2,3). Overall, the results agree
well with the earlier results. Table 5 lists the data developed by
MEA for the three HAZ surveillauce specimens. Figure 10 shows the
results {n relation to the data reported for the surveillance
program. Again, a good correspondence is found.

4, SUMMARY

Twe archive, forged rings carrying the stamp "KRB VESSEL" and contain-
ing @& circumferential weld were acquired from GCE-Vallecitos for the
USA (NRC/MEA) =~ FRG (MPA) cooperative study of long-term, in service
irradiation effects. The rings were given the idertification codes
GEA and GEB. MEA has developed chemical composition, hardness,
strength and notch ductility properties for each of the base metals.
The vresults show good agreement with existing documentation for
forging ring no. 7.1 of the KRB-A vessel.

MEA also tested three Charpy V-notch HAZ surveillance specimens for
notch ductilit;, hardness and composition. Results for these speci-
mens agree well with prior data for the vessel surveillance program's
HAZ material. In addition, the hardness and composition of the
surveillance specimens (base metal portion) agree with MEA findings
for the archive materials GEA and GEB.
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Table 4

Charpy-V Notch Ductility of Archive Materials

Material Ocientation Spec imen Temperature Energy Expansion
Code Number

(&) &) () (fe-1b)  (=m)  (mils)

GEA-1 Axial 16 -40 -40 15 1 0.254 10

(Code A12) 7 -18 0 3 25 0.584 23

5 -1 30 4 30 0.711 28

3 24 75 53 39 0.940 37

9 49 120 92 68 1.397 55

1 93 200 96 7 1.626 64

orL® 32 -40 -40 24 18 0.406 16

21 -18 0 29 21 0.432 17

20 -1 30 61 45 0.914 30

19 24 75 92 68 1.346 33

22 49 120 123 91 1.676 66

18 9 200 134 103 1.803 n

SCMFL - Circumferential Orlen_ation
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Table 4 (Continued)

Charpy-V Notch Ductility of Archive Materials

Material Orientatior Spec imen Temperature Energy Expansion
Code Number
(&) °F) () (fe-1b) (=)  (mils)
GEA-2 Axial i6 -40 -40 18 13 0.229 9
(Code A22) 7 -18 0 24 18 0.432 17
S -1 30 34 25 0.610 24
3 24 75 61 45 1.803 71
9 49 120 B4 62 1.321 52
1 993 200 88 65 1.346 53
owrL® 32 -40 -40 11 8 0.178 7
21 -18 0 39 29 9.610 24
20 -1 30 52 38 0.940 37
19 24 75 103 76 1.448 57
22 49 120 119 88 1.778 70
18 93 200 136 100 1.956 77

SCMFL - Circumferential Orlentation



Table & (Continued) Charpy-V Notch Ductility of Archive Materials

Material Orjentation Spec imen Temperature Eaergy Expansion
Code Number
) P () (fe-1b)  (wm)  (siis)
cEB-1 Axial 16 -40 -40 23 17 0.381 15
(Code 812) 7 -18 0 37 2 0.660 26
5 -1 30 5 41 0.965 38
3 24 75 7% 56 1.245 49
9 9 120 110 81 1.727 68
1 93 200 108 80 1.651 65
oL 32 -40 -40 42 3N 0.559 22
v 21 -18 0 61 45 0.889 35
§ 20 -1 30 65 48 1.041 41
19 24 75 107 79 1.626 64
2 49 120 144 106 1.981 78
1= 93 200 161 104 2.210 87

ScMFL - Clrcuaferential Orientction



Table 4 (Continued) Charpy-V Notch Ductility cf Archive Materials

Material Orientation Spec imen Temperature Energy Expansion
Code Number
(*c) (°F) (1) (fe-1b)  (=m)  (mils)

GEB-2 Axial 16 -40 -40 24 18 0.457 18
(Coée B22) 7 -18 0 35 26 0.660 26
5 -1 30 54 40 0.868 34
3 24 75 80 59 1.245 49
9 49 120 102 H 1.753 61
1 9 200 106 78 1.854 73

T
- owL® 32 -49 -40 35 26 0.533 21
21 -18 0 50 37 0.868 34
20 -1 30 n 52 1.092 o
19 24 75 110 81 i.549 61
22 49 120 146 108 1.829 72
18 9 200 149 110 1.778 70

ACMFL - Circumferential Orientation
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Table 5 Charpy-V Notch Luctility and sardness of Surveillance Program Material (Melt 931 131)

Specimen Orientation® Thickness Temperatu.e Energy Expansion Shear Base Metal
Number Location Ha~dness

(c) (M (J)  (fe=1b) (mm) (mils) (%) (Rockwell B)

D™ T Top Surface -20 -5 30 22 9. 701 8 25 92.2, 93.7
'
o D&E L /4 T %0 195 &7 [ 0.813 32 100 91.6, 92.1
D7y L Ve T 10 50 42 31 0.457 18 44 92.6, 92.7

® Transverse to rolling direction
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Differences In base metal yleld strength and tensile strength were
found on couparing GEA vs. GEB. Likewise, differences in C_ notch
ductility between the base metals of GEA vs. GEB were noted. In
particular, upper shelf energy levels for the axial test orientation
vere onot the same, Potential sources of the noted material
variability are suggested; however, the materials do appear to come
from the same steel melt as that used for ring no. 7.1 of the reactor
vessel. The two base metals within each ring have compar...e proper-
ties. Thus, the selection of the base metal for the balance of the
program reduces to two choices: that forming ring GEA or that forming
ring GEB. Since the base metal remaining from GEA 1s & very small
quantity, ring GEB should be the cholce for the continuing program if
at all possible.

REFERENCES
1 Schleimar, Untersuchungsbericht U4152, Dec. 11, 1964,

2. "Stellungnahme Zur Akkumultierten Neutronendosis an  der
Reaktordruck behalter wand des Kernkraftwerkes Gundremmingen (KRB~
1)," KGB-TUV, Bayern Munchen 07-09, 1977,

3. Von N. Eickelpasch und R. Seepolt, "Experimentelle Ermittlung der

Neutronendosis des KRB-Oruckgefabes und deren betriebliche
Bedeutung,” Atomkernenergie (ATKE) Bd. 29 (1977) Lfg. 2, p. 149.
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Table B-1 Cutting Diagrass Provided in Appendix B

Prawing No.

433.C0-5000 Rev.

433-.C0-5001
433.C0-5002
433.C0-50013
$,33-C0- 5004
433.C0-5005
433.C0-5006
433.C0.5008

433-C0-5009
433-C0-5010
433-C0-5011

433-C0-5012
433.C0-5014

Rev,
Rev.
Rev.
Rev.
Rev,
Rev,
Rev.

o ©OCOrON~O

30 I
e ©

Rev. 2
Rev, 1

Matl.
Matl.
Matl.

~ ~
D

Matl,
Matl,
A Matl,
lece A
K Matl,
Plece B

A
A
~A
A
A
A
-A

-

KRB-A Matl. Plece GEB (Side 2) Cutting Neo.

Plece C
KRB-A Matl.
Plece D

Plece

Iitle

Plece GEB Cutting Ne. 2

Plece

Plece GEB
. Plece
. Plece

Plece
Plece

GEA Cuttl
(Side

No. 2

) Cutting
GEB (Side 2) Cutting Ne.
GFB (Side 2) Cutting No.
GEB (Side 2) Cutting No.
GEB (Side 2) Cutting

No,

No.

3
3
“
5
6

Plece GED (Side 2) Cutting No.

GEB

(Side 2) Cutting Ne.

Plece GEB (Side 2) Cutting Neo.

F'B-A Matl. Plece GEB (Side 2) Cutting No. 8

KRB-A Mati.

Piece,

Cutting No. 7 and 8,

(Side 2),

Mods

7,
7,
7,

L

to
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MATERIALS ENGINEERING ASSOCIATES, IMC.

MEA-2159%

THROUGH=-THICKNESS MECKhANICAL PROPERTIES OF KRB-A
ARCHIVE STEEL FORGING GEB

Js R. Hawthorne

1. ®rTVOROUND

MEA has i@ task of irradiating and evaluating Gundremmingen reactor
vessel ~hival materials in support of NRC research on long-term,
in-service .rradiation effects. MEA's results, together with determi-
nations by Staatliche MaterialPruefungsanstalt (MPA) of the Federal
Republic of Germany (FRG) on materials trepanned from the KRB-A vessel
tself, will be analyzed for the effects of neutron exposure rate and
shrough-th!cin.ss damage attenuation. The effects of steel composi-
tions and the correlation of Charpy=V (C,) notch ductility vs.
fracture toug.uness vs. strength will be exanrnad. The joint program
will also {nvestigate properties recovery by postirradiation heat
treatment., The MEA and MPA efforts are limited to studies of the base
metal. Studies of the girth welds are not being performed. The NRC
decision to forego weld metal investigations stemmed from the FRG
determination that more than one filler metal wvas employed in complet-
ing the weld thickness. Each weld thus could have a step-change in
composition at some point in its thickness.

In April 1985, two pleces of weldment identified by stamp markings as
“KRB Vessel"” were acquired from the General Electric Company (GE) =
Vallecitos site., Each of the pleces is a .ing segment., One weighing
approximately 7050 kg (3,200 1b) containe a circumferential wveld
deposit located at the half-height of the ring; the second, weighing
only 990 kg (450 1b), also contains a circumferential weld. The weld
fn this case is closer to one edge of the ring segment than the
other, Both segments are approximately 119-mm (4=11/16 in.) thick.
The smaller piece has been given the code GEA by MEA; the larger piece
has been assigned the code GEB. In this report, GEA and GEB are
termed "archive materials.” The two base metals of GEA are identified
by the code numbers GEA=1 and GEA-2, respectively; those of GEB have
the code number GEB~1 or GEB=2.

Inftia)l task objectives were the determination of the chemical compo-
sition, microstructure, tensile strength, and notch ductility of each
of the four base metals contained in the welded ring segments. MEA
findings on these characteristics are given in Reference 1. From the
composition tests, MEA and the NRC have concluded that the four base
metals are from the same steel melt., Small differences in properties
between the GEA-1 and GEA=2 vs. the GEB~] and GEB~2 materials were
found but may be a reflection of an (unknown) difference in heat
treatment between the two ring seguents, More important to this

B0 GECRGE PALNER FEBAVAY, LANSAAM MARYLAND BO70E LIBA * (0] 8776480

L=Z



study, the findings, when compared against documentation for the KRB-A
vessel, indicate a high probability that the four base materials and
the vessel forging ring no. 7.1 were from the same steel melt and that
the base materials are representative of the vessel forging as first
placed in service.

2. APPKOACH

The research plan called for a phased approach to the qualification of
the materifals from GE. Phase | focused on the determination of base
metal chemistri~s, hardness levels and gradients through the thickness
and microstructu. v determinations at points corresponding to the 1.D.
and 0.D. surfaces, and to the 1/8T-, 1/4T=-, 1/2T-, and 3/4T-thickness
locations. Phase 2 involved the cutting, machining, and testing of
standard Charpy~V (Cv) and S5.74-mm (0.226-in,) gage diameter tensile
specimens from the 1/4T location in each of the materials. The
specimens were removed in two testing orientations: axial and circum=-
ferential. The Phase | and Phase 2 findings are documented in
Reference 1. The Phase 3 effort, reported here, assesses the through-
thickness properties of the GEB-2 material selected for the continuing
investigations., The i.uformation acquired on property gradients was to
provide one basis for choosing one material thickness location for the
subsequent (MEA) irradiation tests.

Properties evaluated 1in Phase 3 were notch ductility, tensile
strength, and static fra.ture toughness including J=R curve
behavior. Test procedures for the 0.5T-CT specimens are desciibed in
Reference 2. Tests were in conformance with ASTM Standard Methods
E 8, E 23, E 399, and E B8l3 as applicable to the individual methods
and test conditions.

3. SPECIMEN BLANKING AND MACHLNING

Figures 1, 2, and 3 are cutting diagrams used for the acquisition of
the specimen blanks. Not all blanks indicated were used for the
development of through-thickness properties, The remainder are being
applied to irradiation test needs. Note that the axial ‘weak) test
orferntation 1is depicted throughout; the ASTM Method E 399 defines
this orientation as orientation code C-L.

Indfividual -, ecimens were machined in accordance with MEA drawings
MEA=C0O=5002 Revs: 3, MEA~-CI=5001 Rev. | Type 2, or MEA~A0U=5003 Rev, O
(see Figs. 4, 5, and 6). The 0.5'=CT specimens were fatigue
precracked for a distance of 1,78 mm (0,070 in.), corresponding to an
a/W ratio of 0.5. The K; (maximum) for the entire distance of fatigue
crack growth was less tﬁun 22 Mpa’m (20 ksi/Ih7). The CT specimens
selected for testing in the upper shelf temperature regime were side
grooved by 20% (10% each side) using a Vee-shaped cutter having the

contour of the C, specimen (see Fig. &),



4 RESULTS

The experimental results are listed in Tables 1 through 6. The C
data are {llustrated in Fig. 7; K, toughness determinations via C*
tests are summarized in Fig. 8. JLR curves from tests of the four
thickness locations at 66°C (150°F) are compared in Fig. 9.

Referring first to Table |, the tensile strength determinations show a
high degree of uniformity through the thickness. The difference in
yield strength becween the near surface locations (1/8T and 7/8T) and
the midthickness location is less than 21 MPa (3 ksi); the difference
in tensile strength between the two thickness positions 1s even
less. Accordingly, the presence of free ferrite in the microstructure
of the midwall location and absence of this component in the near
surface location (Ref. 1} did not have a significant effect on

material strength.

The Cv notch ductility determinations also revealed a high degree of
uniformity through the thickness (see Fig. 7). A good correspondence
of properties between the 1/8T- and the 7/8T-thickness positions again
is observed. For the 1/4T= vs., 1/2T=thickness positions, good agree-
ment of the data up to an energy leval of about 81 J (60 ft-lb) is
found; above this level, the energy absorption curves diverge such
that the upper shelf level of the 1/4T specimens is greater than that
of the 1/2T specimens. Important to the selection of thickness
position for irradiation, the 1/4T vs, 1/8T positions have the same
apparent C upper shelf levels [103 J (76 ft=1b)] and nearly the same
C, 4i=J transition temperatures [=29°C (=20°F) vs. =18°C (O°F)].

The results of through-thickness O0.5T-CT specimen tests generally
support the C, and tensile test indications. Referring to Fig. 8, the
K, transition indications for 1/8T vs. 1/4T are displaced by about
l"C (30°F). Although somewhat greater than that observed in the C,
results, the displacemert may be due to the greater thickness of the
0.5T-CT specimen. With this specimen, {ts greater thickness would
encompass a greater proportion of "near surface” material than the ¢,
(see culting dlagrams). Such material could be expected to have a
lower transition than the material closer to the central region of the
forging. Comparable upper shelf performances were found for the four

test locations however (see Fig. 9).

It is pointed out that the toughness values listed in Tables 3 to 6
and {llustrated in Figs. 8 and 9 are based on the ambient temperature
flow stress and thus are approximate values only. Tests to define the
flow stress vs. temperature relationship Jor the range of interest
[=140°C (240°F) to 28BB°C (550°F)) are scheduled for Phase 4. Tlese
data are expected by July 1986 and will be included in MEA's monthly
progress report to the sponsor.




5. SUMMARY

The tensile strength, notch ductility, and fracture toughness of
material code GEB-2 has been determined for 1/8-, 1/4T-, 1/2T-, and
7/8T=-thickness locations and the axial (weak) test orientation. Good
correspondence of properties between locations has been observed.
Strength differences are less than 21 MPa (3 ksi). Differences in
trcnultion temperature indexed to the C, 41-J) energy level and to the

100-MPa’® toughness level are on %the order of 11°C and 17° c,
riapcctivcly. Upper shelf levels measured by C, or CT test methods
were the same for the four thickness positions.

Based on the findings reported here, MEA proposed that the 1/8T thick=
ness position be usec for the irradiation investigation (Ref. 3). In
the vessel {tself, this layer would have received a greater servi.e~
induced fluence than the 1/4T layer and, additionally, would better
represent the small flaw case in PTS., This suggestion was accepted by
the NRC (Ref. 4) or Jan. 30, 1986.

REFERENCES

1o J. R, Hawthorne, “Preirradiation Qualification of Ilaterials
ldentified as KRB~A Archive,” MEA-2095, August 1985,

24 A. L. Hiser, F. J. Lose, and B, H. Menke, “"J=R Curve Characteri=-
zation of Irradiated Low Upper Shelf Welds,”™ USNRC Report
NUREG/CR~3506, Washington, D.C., April 1984,

3. Letter from J. R. Hawthorne (MEA) to C. Z., Serpan (NRC) dated
Jan, 27, 1986,

P Telecom from C. Z. Serpan (NRC) to J. R. Hawthorne (MEA) on
Jan, 30, 19856,
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Fig- 7 Charpy=V notch ductility of code GEB~2 material at four
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Fig. 8 Fracture toughness of code GEB-2 mateisfal ac four locations through the thickness.
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Table 1 Tensile Properties of Code GE%-2,Axial Orientation
(5.74-am diameter, 12.7-mm gage length)

Thickness Specimen Teunsile Yield Streagth Elongation Reduction
Location Numbe r Strengtn (0.2% Offset)
(MPa) (ksi) (MPa) (ksi) (%) (2)
1/8T GEB-T9 633 91.4 488 70.8 38.4 6l.l
GEB-TI10 633 91.8 488 70.8 39.6 65.4
1747 GEB-TI 618 89.6 467 €7.8 T8 65.3
GEB-T4 621 90.0 471 68.3 38.4 66.8
/2t GEB-T11 621 90.0 472 68.4 23.4% 57.3
GEB-TI2 621 90.0 467 67 .8 40.6 61.6
7/8T GEMTI13 829 91.3 488 70.8 40.8 65.9
GEB-TI4 631 91.6 488 70.8 40.0 66.4

% Falled in gage mark




Table 2  Charpy-V Notch Ductility of Code GEB~2,Axial Orientation
Thickness Specimen Test Energy Latera’ Shear
Layer Number Temperature Absorption Expansion
(*c) (*°m (J)  (ft~1b) () (mils) (%)
1/8T 36 -] 30 62 46 0,940 37 -
37 -57 =70 24 18 04305 12 10
38 =40 =40 33 24 0.457 18 -—
43 ~-18 0 43 32 0.432 17 34
44 93 200 100 74 0.868 34 100
45 -] 30 62 46 0,533 21 47
46 49 120 104 77 1.956 69 100
33 =29 =20 43 32 0.686 27 -
34 =79 =110 9 7 0.127 5 0
35 =40 =40 35 26 0.508 20 -—
39 ~18 0 56 4l 0.559 22 35
40 93 200 107 79 1.981 78 9
41 <9 120 103 76 0.868 = 100
42 24 15 95 70 1.600 63 -
1/4T 16 ~40 =40 24 18 0.457 18 -—
7 -18 0 35 26 0.660 26 -
5 -1 30 54 40 0.868 34 -
3 Va4 75 80 59 1.245 49 -—
9 49 120 102 75 1.753 61 -
| '3 200 106 78 1.854 73 100
1/21 50 -1 30 o8 35 0.762 30 -
51 =57 =70 16 12 0.178 7 16
52 =40 =40 29 21 04432 17 —
63 -18 0 43 32 04457 18 34
64 93 200 90 66 0.838 i3 100
65 -1 30 57 42 0,508 20 44
66 49 120 90 66 1+524 60 -
47 -23 =10 13 24 0,584 23 o
48 =79 -110 1! 8 0127 5 0
49 =40 =40 19 14 04254 10 -
59 ~-18 0 27 20 0.330 13 34
60 93 200 90 66 14549 61 99
61 49 120 81 60 0.762 0 100
62 24 75 84 62 14295 51 -
7/8T 56 =l 30 57 42 0.838 33 -
57 -57 =70 30 22 0.279 11 16
58 =-40) =40 13 24 0.55% 22 -—
71 -18 0 b 3 0.483 19 56
12 93 200 100 74 0.868 34 100
73 =1 30 66 49 0,584 23 50
74 49 120 98 72 14346 53 99
53 -29 =20 3 27 04635 25 -
54 -79 =110 11 b ] 0.102 a 0
55 ~40) =40 3 23 0.457 18 -
67 -18 0 53 39 0559 22 35
68 93 200 104 77 1.9% 76 100
69 49 120 ol 82 0,940 3 100
70 24 7% 92 68 1.499 59 -

C-16



(1=

Teble 3 J-R Qurve Results for Code CEB (Side 2)

(Axial Orientation, Layer 1/8T)

(arw) * “.b u,‘

.. . I G B
MEA  ASTM  MEA  ASTM MEA

o P (= () m) (/) (/ed) (ReE) (Ra/E) (MPalE) (MPa)  (MPa)
cER2-A6 M0 -220 0.509 4 8.9 — 6.0 45.5 43.4 92— 7739  703.2
CEE2-AI3  -118 -180 0.508 2.0 — 78.2 65.3 6l.4 —  738.0 667.4
GEB2-A4 -0 -1% 0.502 .l —— 71.8 60.1 648 —  695.9  625.3
CEM2-AIS  -76  -105 0.509 %.2 — 91.7 52.6 63.8 —  676.°  605.7
CEB2-A2 -8 -9 0.517 67.8 —— 125.4 59.6 72.5 —  665.8  $595.0
GER2-Al4 =57  -70 0.515 63.7 —— 121.5 S0.8 70.9 —  65l.7  S60.7
GEB2-Al 6 -0 9.502 121.6 —— 167.5 S6.4 T19.8 —  638.3  S67.1
CEB2-A} % - 0.516 165.7 —— 195.3  59.3 83.4 2 — 6244 5529
CEB2-AS® -18 0 0.509 137.4 118.1 177.3 1648 — _ 607.0  535.0
CEBZ-AIS® 65 150 a.525 6.05 5.2 0.3 129.2  127.4%  170.0 168.3 — 99  538.6  463.0
GEB2-A17® 177 150 0.522 6.53  6.19 0.3 81.7 81.5 130 I1R2.9® —— 115 504.5  420.2
CEB2-AIS® 288 550 0.514 6.09 6.06  -0.05 117.4 110.5F 1569 1522 — % S536.4  439.5

? Pretest a/¥
Measured crack growth

€ Crack growth predicted
by compliance

¢ Cleavage failure precluded
determination of this quantity

© Side grooved by 20%
f valid J;_, per AS™M E 813-81



g1=2

Table & J-R Quive Results for Code GEE (Side 2)
(Axial Orientation, Layer 1/4T)

Spe e Test (ase) * A\_b AQPC ta -da, Je Ky Kge Toug og ay
b e Temperature
MEA  ASTM  MEA  ASTM MEA

0 ©» ()  (am) (wm) (/D) (Wed) (Pa/E) (MPavE) (MPa/E) (MPa)  (MPa)
CEBZ-813 -1  -180 0..506 . 11,9 —— 529 S1.3 475 00— 726.4  653.5
CER-B2T 107 -160 0.506 196 ——— 67.8 59.9 35.3 —  707.9  634.3
cER2-34 -0  -1% 0.497 L S 88.6 S58.1 62.7 —  680.6 6061
CER-BI5 -6  -105 0.517 28 — 81.9 52.9 9.2 —  659.5 584.2
cER2-w -8 % 0.508 , W 9.9 S8.1  63.0 2 —  647.9  572.2
CEX-Bl4 57 -70 0.507 W — 68.2  50.5 52.5 — 6327  556.4
ER-86 -7 -2 0.526 81.2 —— 1371 45.0 728  — 6327  556.4
cER2-81 6  -50 0.506 63.9 —— 1215  %6.1 8.1 —  618.2 Skl.3
CER-B2S <% - 0.510 80.6 ——  1%.1 50.6 70.2 —  603.2  $25.7
CEB2-36 29 -2 0.509 118.2 —— 1647 6.0  75.2 2 —  S97.2  519.5
cEB2-85 -18 0 0.505 1400 —— 1797 537 76,5 2 —  S84.5  506.3
cen2-s* -7 20 0.504 177.7  169.5 201.3 196.6 — - 572.6  493.8
ER-m%* 65 150 0.519 540 497 043 1522 13.9F 18 1244 — 125 s12.6 43007
GR-317* 177 0 0.516 6.06 6.03  -0.01 8.0 o3.5% s s — 84  481.4  395.6
ER-316° 28 550 0.521 614 6.05  -0.09 82.5 8.1f 1315 128 — 62  525.2  436.7
:’f‘tﬂiﬂl € Crack growth predicted ‘quuumpnd“ ¢ Side grooved by 202

Measured crack growth by compliance determination of this quantity { Valid J;_, per ASTM E 813-81



61-2

Teble 5 J-R Qurve Res s for Code GEB (Side 2)
(Axial Orient :ion, Layer 1/2T)

Specimm Test (ang®  aa”  aaS  sayse, e K e Tag %t %
Number Temperature
MEA ASTM  MA  ASTM MEA

o P () (m) ()  (/ad) (/) Ol (PalE) (Pa/m) (MPa)  (MPa)
CEB2-C13 118 ~-180  0.509 d 12.5 —— 54.3 S2.4 48.3 —— 721.6  £52.2
CEB2-Ch -0 -130  0.512 2.0 —— 73.2 533 6.8 —— 617.7 607.4
CEB2-CIS -6 105  0.502 25.5 ——— 77.0 %.8 Sl.4 ——  657.4  586.7
CEB2C2 -8 90 0.51 51.6 ——  109.4 60.2 67.4 ——  646.C  575.3
GER2-Cl4 <57 -1 0.52% 65.1 ——  122.8 49.6 69.8 ——  631.6 560.3
CEB2-CI ~6 =50 0.520 7%.3 ——  131.0 55.9 70.7 ——  617.6  545.9
GER2—CY “% =% 0.505 135.7 —— 1767 477 8.3 ——  603.2 531.0
EB2-CH 29 -2 0.515 185.3 ——  206.3 S4.5 82.4 —— 97.4  525.1
CEB2-C5¢ -7 20 0,515 6.10 6.12 0.02 167.0 167.0° 195.2 195.3 it 78 573.6 500.4
GEBz-CI8® 65 150  0.510 6.3 5.85  -0.51 155.5 159.4  186.5 188.3 — 9 515.0 438.6
CEB2-CI7® 177 30 0.509 6.65 6.17  -0.48  115.4 120.1F 1581 1613 — 73 4823 399.7
GEB2-C16® 288 550  0.498 5.92  6.23 2.31 110.2 9.7 1520 1k — S3  520.2  429.8
3 pretest a/¥ € Crack growth predicted & Cleavage failure precluded € Side grooved by 202

Measured crack growth by compliance determination of this quantity f valua Jic» Per ASM E 813-81



9¢-0

Table 6 J-R Curve Results for Code GEB (Side 2)
(Axial Orientation, Layer 7/8T)

Ryuciam . a),* s’ e e -ta Sue By e Toyg o
MEA  ASTM  MEA  ASTM MEA

ey *® (m)  (mm)  (wm) (/') (/e?) (MPadE) (MPada) (MPads) (MPa)  (MPa)
GEB2-E13  -113 ~-ia40 0.499 —t - 168 — 62.8 629 538 —  7%.5 670.7
CEBZ-ES  -101 -150 2.502 _— — — %7 — 83.5  6l.1  62.6 —  709.3 6430
CEB2-FA4 -0 -1 0.515 —_— — — YW —— 122.4  SI.7 742 — 6925  626.0
CEB2-EIS  -76 -105 0.504 et W Y— 127.6  S8.9 4.2 —  672.3  05.3
GEB2-£2 -8 -9 0.520 —_— — — 63.6 — 1215 387 7.9 — 6612 5939
GEB2-El4 =57  -70 €. 509 —_— — — 126.1 ——  170.9 0.6 Bl.5 —  646.5 578.9
GEB2-£3 51 60 0.507 —_— — — 161.0 —— 1929 Sl.0 846 —- 6388  S70.9
GEB2-E! %6 =50 0.516 —_— — —— 170.5 ——  198.4 50.9 5.0 — 635 .5
SEB2-E6 -29 -2 0.510 176.5 —— 2001 — —  — 6123 3.6
GEB2-EIB® 65 150 0.515 043 6.25  0.18 134.2  134.4 173.3 1734 - — 114 9.9 457.1
GEB2-E17®* 177 1% 0.502 6.46  6.21 -0.25 108.5 106.2f 1533 1503 — 65  497.2 418.2
CEB2-EI6® 288 550 0.506 6.6 6.0 6.2 8.9 8855 1373 1362 — 53 535.0  446.4
2 pretest a/W € Crack predicted ¢ Cleavage failure precluded ® Side grooved by 20%
b

Measured crack groenh by compliio-e determination of this quantity t Valid Jic» per ASIM E 813-81



APPENDIX D

Daily Operating Temperature Records:
Irradiation Experiments UBR-68, UBR-78, UBR-79A, UBR-80A

D=1
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UBR-68

olo

Fig. D-1 Thermocouple Placements on Compact Tension Specimens in Capsule A (UBR-68).
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MATERIALS ENGINEERING ASSOCIATES, INC.
C U BION FATIGUE ¢ FRACTURE MECHANICS TESTING * IRRADIATIONS

C el T AN Y PMPERATURE PERFORMANCE RECORD
EXPERIMENT | .« _Ugh 62 A\ DATE: _S-4-86 OBSERVER: _KOM
TC: TEMPERATURZS,
L L . LIS - LTS -

P RIS _PRE T S R ——
R il i R i i 8 i
P, il i N .  J——
QP | R e S % —

T SR TN i ——
¥ ol P — U i
NS - T ——— R s sl
QR J—— T JERpSr—
e RN I —— | T L
10 __$0%2) 10 __s&0 10

1 S48 ¢ 1 $%6 I

12 __s4d 12 __san 12

- P 13 _ a1 13

' 14 $56 14

s IS __ 353 @ 15

6 16 $34 16

* « CTC * e« CTC * « CTC
TEMPS TAKEN AT: A 1850 ] 1914 ¢
AVERAGE A 544 B 353 C

(Ex¢luding CTC)

D=5

G700'8 GEORGE PALMER MIGHWAY, LANYAM MARYLAND 2O706- 1837 USA ¢ (301 877.9480



EXPERIMENT NUMBER: UBR 68 A, B  DATE: 5-5-86

TC:  TEMPERATURES, °F

JUNIT A
L. 5 | S—
RN | S—
R . N—
LI T S—
LR 1.1 I—
| —
I —

ey P
16
* « CTC
TEMPS TAKEN AT: A 0901
AVERACE: A 549

(Excluding CTC)

S700 8 SECRGE PALMERA HIGHWAY, LANMHMAM, MARYLAND 20706 1837 USAa ¢ (301) 877.8480

P T—
R —
 JUNSY. T
P T—
_JN - —
RS T R—
JFIS - F—
L1 ] N—
y __3¢&
0 __33%
LR . | S—
12 P

13 $40

14 $58

15 580

16 $if

* « CTC

B 0847
B 554

D=6

OBSERVER: __ DAS



MATERIALS ENGINEERING ASSQTCIATES, INC.
STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGUE ¢ FRACTURE MECHANICS TESTING ¢ IRADIA TENS

EXPERIMENT NUMBER: UBR 68 A,3 DATE: _ 5-6-86 OBSERVER: _ DAS

TC: VEMPERATURES, ¥

ANIT A wiT s T c
P —— P, S—  J—
QIS S S S— 8 i
L SRR S T— . P —
RN P —  JT—
JU. T S T ¥ cmessm——"
JU— . J— PO T gs— IS Gu——
L R L 7§ S— T ——
@ 556 El 862 ¢
9 542 $ 862 L]
10 $31 10 359 10
1 §58 * 1 587 "
12 e 12 - _J————
N 13 542 13
“w_______ 14 555 %
15 15 881 # 15
16 16 L6 16
* e CTC * . C1C * . CC
TEMPS TAKEN AT: A _ oaey t 0R48 ¢
AVERAGE: A 530 v 853 ¢

(Excluding CIC)

D=7
S7008 GEORGE PALMER MIGHWAY, LANHAM, MARYLAND 20706 1837 USA ¢ (301) 577.8480



MATERIALS ENGINEERING ASSQCIATES, INC

TRUCT EGRITY TECHNOLOX

OFRRCRION FATIRUE * FRAUTUIRE VEOHANICS TESTIN ¢ IFRALDLA P

Lo W

«
5

EXPERIMENT TEMPERATURE PERFORMANCE RE RI

EXPERIMENT NUMBER: UBR 68 A B  DATE




MATERIALS ENGINEERING ASSOCIATES, INC

STRUCTURAL INTEGRITY TECHNOLOGY
COMOBION FATIGUE ¢ FRACTURE MEDHANICS TESTING ¢ IRRADIATONS

£ PERIMENT NUMAER: UBR 68 A3  parp: 5-8-86 OBSERVER: DAS

TC:  TEMPERATURES, °F

JHIT A AT s LS -
{83 | s42 I ‘
2 2 5% :
3 539 3 360
- 564 - 560 “
S 558 5 559 3
6 __ 51 6 S 6
? 881 __ &2 )
8 53¢ ] 36, L}
’ s 9 sS4 -
10 __ 83 10 $60 10
I gs5 s I §58 1
12 » 12 - = . " _
=y Fe R 13 39 13
“w o 8% T TR L
15 13 851 # - L
16 16 533 _ kS PP
* . CTC * - CIC * - CTC
TEMPS TAKEN AT: A __ Q01 B 088y ¢
AVERAGE: A ss2 BN ¢ o

(Excluding CTC)

V7008 GELFRGE PALMNER » 0 l0OWAY, LANMAM, MARYLAND U708 1837 USA ¢ (3011 8S77.8480C



MATERIALS ENGINEERING ASSOCIATES, INC.

STRUCTURAL INTEGRITY TECHNOLOGY
CORPOSION FATIGUE ¢ FRACTUFRE MEOHANICS TESTING * IRRADATIONS

EXPERIMENT TEMPERATURE PERFORMANCE RECORD

EXPERIMENT NUMBER: UBR 68 A.B  "ATE: $~12-86 OBSERVER: _DAS

TC: TEMPERATURES, °F

Lnir A NiT s LTS

1 541 | 532 |
1841 2 s
3 558 3 $51 D s
4 564 LI 5§ I— | JPI T ——
S 8% LI . | T P —
N 6 ___Sad e
7 868 7883
L] 560 ] $56 L

$ __ s L 1 E— Y —
A L 10 831 10

no__sso. a4 el
12 - R | —
13 13 334 - - JESESR—
AL B 4 888 14

15 IS ___ss0 @ 15

16 s 16

* - CTC * . crc * . CTC
TEMPS TAKEN AT: A __0830 b ___0842 e ————
AVERAGE: A $85 B s ¢

(Excluding CTC)

G700 8 GEDRGE PALMER »GHWAY, LANMHAM, MARYLAND 20706 1837 USA ¢ (3C1) 877.9480



MATERIALS ENGINEERING ASSOCIATES, INC
STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGUE ¢ FRACTURE MECHANICS TESTING ¢ IRRADIA TONS

EXPERIMENT TEMPERATURE PERTORMANCE RECORD

EXPERIMENT NUMBER: UBR 68 A, B DATE: _ 5-13-86 OBSERVER: _ DAS

e TEMPERATURES, -

JMT_ A ) s

RS | IR R | S—  ——
a2 528 2 349 2
3 __54) 3 $51 3
- $$1 4 £53 -
S __sa1 S $82 s
R SRR 2 6 wus 6
7 Sk ? 351 7
LY L 552 8
¥ __s28 9 $58 9
| SR — 10 851 10
1 $34 o 1 351 1
R o SECLE 12
n 13 838 13
“ 14 $58 14
9 _ 15 $51 » 1

16 16 536 P e ke

* =« CTC * - CTC * e CTC

TEMPS TAKEN AT: A __ 1409 v 1608 ¢
AVERAGE: A $40 B $49 C

(Excluding CTC)

B700-8 GEQORGE PALMER MIGHWAY, LANMHAM, MARYLAND 20708 1837 USA ¢ (301 877.8480



MATERIALS ENGINEERING ASSOCIATES, INC

STRUCTURAL INTEGRITY TECHNOLOGY
CORFPOSION FATIGUE ¢ FRACTLRE MEOHANICS TESTING ¢ IFRADATIONS

EXPERIMENT NUMBER: UBR 68 A.B  DATE: 3-]5-86 OBSERVER: DAS

i

TC:  TEMPERATURES, °F

JNIT A ULYe . R 2ur <
| $34 | $34 I
2 __sn ] 549 2
LT 3 549 ‘J
4 358 “ 552 4
S 563 S 554 3
6 568 6 544 6 __
1 561 ? S48 oL
8 544 8 555 L]
$ __ 5 ) 556 ]
0 10 ___ 530 10
1 34 * 1 330 "
12 ___ - 12 - 1
13 13 335 13
14 o 88y 14
15 __ N 15 LG 15
16 . 16
- * . cre * e C2C
TEMPS TAKEN AT: A __ 1530 ] 1501 ¢
AVERAGE: A __ 544 M2 ¢
(Excluding CTC)
D=12

7008 GEDRGE PALMER MHGHWAY, LANHAM, MARYLAND 207068-1837 USA ¢ (3011 877.8480



MATERIALS ENGINEERING ASSOCIATES, INC.
STRUCT JRAL INTEGRITY TECHNOLOGY
CORRCBION FATIGUE ¢ FRACTURE MECHANICS TESTING * IRRADIATONS

EXPERIMENT NUMBER: UBR 68 A B  DATE: _5-19-86  OBSERVER: _CLM

TC:  TEMPERATURES, °'r

AT A L. R RLE .

| 840 | 335 |
2 531 2 548 2
3 547 3 348 3
- 558 B 330 -
b 563 5 554 5
[} 5n ¢ 546 6
? 554 ? 540 ?
8 539 8 385 8
$ 536 9 556 L]

10 ha 10 552 10 .
I S35 * H 542 11
12 - 12 - 12
T 13 __su 13
14 14 353 14

5 15 $44 ¢ 15 R
I8 16 337 16

* = CTC * « CTC * e CTC
TEMPS TAKEN AT: A 0815 B 0810 €
AVERAGE: A S46 L b 547 ¢
‘uding CTC) o3
b-13

S700-8 GEOAGE PALMER HIGHWAY, LANMHAM, MARYLAND 20708 1837 USA ¢ (301) 877.8480
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UBR- 78
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MATERIALS ENGINEERING ASSOCIATES, INC.
STRUCTURAL INTEGRITY TECHNOLOGY
CORFOSION FATIGUE ¢ TRACTURE MECHANICS TESTING * RADA TONS

UBR 78_DAILY TEMPERATURY PERFORMANCE RECORD

DATE §-18-87 TINE 1028 OBSERVER ___ wEp
UNIT A UNIT B
TC TEMP, °F TENP, °F
1 548 C ;zi ) #
2 549 - *
3 s ¢ LoDt
4 233 R . FEECEEE
S 342 341
6 338 331
? - 342
8 344 337
9 _354 347
10 558 542
B 547 551
12 351 540
13 333 S22
14 234 339
15 P . B—— 233
16
AVG. 343 344

COMMENTS UNIT A : TC Nos, 1,14,15 not applicable to Cv,tensile specimen arrvay

$ Suspect TC detached from

specimen

NOTE: I. Temps are "omnical” unless othervise noted

3. CO = not included in avg.

* =« (TC

D-1?

V70080 GEORGE PALMER HGHWAY, LANMHANM, MARYLAND 20706 1837 USA ¢ (301) 87 7.0480



UBR 78 DALLY TEMPERATURE PERFORMANCE RECORD
DATE____§-)3-87 TIME__ 130 OBSERVER __ wrp
UNIT A UNIT 3

TC TENP, °F tenr,

! 232 ..1223121---

2 533 s

3 5214 4 :E Z

- 540 364

5 546 557

6 54 | 567

7 - * 561

L} 547 348

9 57 339

10 L) 533

1 $50 567

12 554 558

13 556 $58

14 558 $51

) 562 $53

16

AVG. $49 238

COMMENTS UNIT A : TC Nos., 1,14,15 not applicable to Cv, tensile specimen srray
$

Suspect TC detached from specimen

NOTE: I. Temps are “omnical' unless othervise noted

2. CO = not included in avg

¢ e €IC
D-18
8700 8 GEORCE PALMER MHIGHWAY, LANHAM, MARYLAND 20708 1837 USA 0 (D01) 87 7.8480



MATERIALS ENGINEERING ASSQOCIATES, INC,

STRUCTURAL INTEGRITY TECHNOLOGY
CORFMIBION FATIGLE ¢ FRACTUIRE MEOHANICS TESTING ¢ IRRADATIONS

USR8 DAILY TEMPERATURE PERFORMANCE RECORD
DATE___ §-20-87 TIME ___ 0935 OBSERVER ___ WEP y
UNIT A UNIT B
Tc TENP, °F TEMP, °F
l 549 ChDs
2 550 - &
3 373 1.
¢ 536 562
S 34) 555
¢ 538 S84
L x. 559
’ S48 344
$ 333 333
10 339 332
H S48 585
12 5.4 333
13 258 337
14 232 2e8
15 380 332
6 -
AVG. 348 336
COMMENTS UNIT A ! TC Nos. 1,14,1) not applicable to Cv,tensile soecimen array

i Suspect TC detached from specimen

NOTE:

¥
2.

Temps are "omnical"™ unless othervise nnted

CO + net included in avy.

* =+ CIC

D~19

7000 GEORGE PALMER rGHWAY, LANSAM, MARYLAND S0706 1837 LSA 0 (301 87 7.8400







A-CAPSULE

Fig D-5 Thermocouple PFPlacements on Charpy-V,
Tensile and Compact Tension Specimens
in Capsule A (UBR.79)



MATERIALS ENGINEERING ASSOCIATES, INC,

STRUCTURAL INTEGRITY TEC-HNOLOGY
CORFROSION FATIGUE * FRACTUFRE MECHANICS TESTING ¢ IRRADIA TIONS

DAILY TEMPERATURE PERFORMANCE RECORD
DATE__9-13-87 TIME_ |738 OBSERVER ___ WEP
UNIT 79A
Tc TENP, *F
I 494
: 320
S ] 310
4 506
5 526
6 306
7 534
8 528
9 ass*
10 337
i OPEN
12 519
13 515
14 332
15 494
16
AVG. -

COMMENTS (UBR-794) C_ Set No. 1 : TC Nos. 2,5,8,12,14 ; Cv Set No. 2 :Balance of TC's

NOTE : |. Temps are “omnical"” unless otherwise noted

2. O = not included in avg.
* =« CTC

b=22

8700 B GEONGE PALMER HICHWAY, LANHAM, MARYLAND 20706- 1837 USA ¢ (301) S77.9480



MATERIALS ENGINEERING ASSOCIATES, INC.
STRUCTURAL INTEGRITY TECHNOLOGY
CORROBION FATIGLE * PRACTURE MECHANICS TESTING ¢ IRRADIATIONS

e DAILY TENPERATURE PERFORMANCE RECORD

DATE___9-13-82 TIME_ 2012 OBSERVER __ WEP
UNIT 79A
1c TEMP, *F
| —n?
2 233
3 32
- 219
3 ——3?
6 510
! 346
8 539
9 __Ha:
10 539
] OPEN
12 223
13 238
14 244
15 507
L) =
AVC. -
COMMENTS
NOTE: . Temps are “omnical™ unless othervise noted
2. C = net included in avg.
T D-23

G700 0 GEONGE PALMER HIGIAWAY, LANHAM, MANYLAND 2070061837 USA ¢ (D01) 8778480



MATERIALS ENGINEERING ASSOCIATES, INC.

STRUCTURAL INTEGRITY TECHNOLOGY
CORFOSION FATIGLE * FRACTUFE MECHANICS TESTING * IFRADIATIONS

e DALY TOWERATURE PERFORNANCE RECORD
DATE___9-is-27 TIME___ 0915 OBSERVER _ KCM
UNIT 79A

TC TP, P

| 207

2 536

) 324

. 320

S 54 1

6 3510

7 549

8 543

.  A9Se

10 540

" B —

} 223

13 . —til

14 S48

13 307

16

AVG. -
COMMENTS
NOTE: I, Temps are “"omnical™ unless othervise noted
2. O = not included in avyg.
B

9700 B GEONGE PALMER HIGHWAY, LANMAM, MANYLAND 20700 1837 USA ¢ (301) 877 9480



Tc TEMP, *F
| A%
2 322
3 508
‘ 508
L 228
6 98
! 336
] 533
9 a%0*
10 540
I open
12 331
13 321
14 383
] 302
&

AVG. - 1%

COMMENTS
NOTE: I, Temps are "omnical”™ unless othervise noted
2. O » not included in avg
* « CXC D23

700 B GEQNGE PALNERM HaGIAWAY, LANMHAM, MANYLAND 207006 1837 USA ¢ (O01) 877.8480
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VIATERIALS ENGINEERING ASSOCIATES, INC

STRLETLRRAL INTEGRITY TEOOSJ XaYy

- . N FATICGLE * FRATTUFE MY FMANGCES TESTING ¢ S RaADATO S

DAILY TRMPERATURE PERFORMU

I IME




VIATERIALS ENGINEERING ASSQCIATES, INC.
RTRAUCTURAL INTEGRITY TECHNOLOGY
“¥RROSION FATIGUE ¢ FRACTURE MECHANICS TESTING ¢ IRRADIATIONS

DAILY TEMPERATURE PERFORMANCE RSCORD

D. 5-87 TIME 1255 OBSERVER__ k(M
UNIT 79A
TC TEMP, °F
| 302
2 333
3 519
b 515
5 536
6 502
7 542
8 336
9 48 7™
10 233
i1 open
12 325
13 519
14 ___339 an
15 __ &9
16 e
AVG. 2.
COMMENTS
NOTE: |. Temps are "omnical" unless othervise noted
2, (::) = not inhcluded in avg.
. = CTC 5.27

Q700 B GEONGE PALMER HICIHHWAY, LANHANM, MANYL . AND 207001837 USA ¢ (301) 577.94890



MATERIALS ENGINEERING ASSOCIATES, INC.

STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGUE * FRACTURE MECHANICS TESTING ¢ IRRADATIONS

DAILY TEMPERATURE PERFORMANCE RECORD

DATE 9-16-87 TIME 1758 OBSERVER__ KCM B
UNIT 79A

Tc TEMP, °F

| 495

2 525

3 519

4 515

5 527

6 496

7 529

8 526

10 520

I open

12 513

13 512

14 533

15 493

16

AVG. - 2
COMMENTS ———
NOTE: l. Temps are "omnical" unless otherwise noted
2. (::) * not ihcluded in avg.
* = CTC
D-28

0700 D GEONGE PALMER FIGIHWAY, LANFIAM, MARYLANG, 207006-1837 USA ¢ (301) 87 7.9490



MATERIALS ENGINEERING ASSOQCIATES, INC.
STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGUE * FRACTURE MECHANICS TESTING ¢ IRRADIATIONS

DAILY TEMPERATURE PERFORMANCE RECORD

DATE___9-17-87 TIME__ 1002 OBSERVER___WEP
UNIT 79A
TC TEMP, °F
| 499
2 528
- 514
4 309
5 531
6 497
7 S32
8 325
9 _485¢*
10 525
11 open
12 519
13 513
14 532
15 493
16
AVG. =
COMMENTS
NOTE: |. Temps are "omnical" unless othervise noted
- o s not ihcluded in avg.
" EE e

Q700 0 GEONGE PALMER FICIHWAY, LANHAM, MANYLAND 207061837 USA ¢ (D01) 577.9490



MATERIALS ENGINEERING ASSOCIATES, INC.

STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGLE * FRACTURE MECHANICS TESTING ¢ IRRADIATIONS

DAILY TEMPERATURE PERFORMANCE RECORD

DATE 9-20-87 TIME 1937 OBSERVER___ WEP
UNIT 79A
TC TEMP, °F
1 304
2 322
3 __515
4 $17
5 531
6 505
7 534
8 529
9 . S00*
10 528
1 open.
12 523
13 520
14 531
15 497
16
AVG. -
COMMENTS
NOTE: l. Temps are "omnical" unless othervise noted
2. O = not included in avg.
’ . D-30

97008 GEONGE PALMER HIGIAWAY, LANHANM, MANYLAND 207006 1037 USA ¢ (201) 857 7.94890



MATERIALS ENGINEERING ASSOCIA™TS, INC.

STRUCTURAL INTEGRITY TECHMNOLOGY
CORAOSION FATIGLE * FRACTURE MECHANICS TESTING ¢ IRRADIATWINS

e

DATLY TEMPERATURE PERFORMANCE RECORD

DATE__ 9-22-87 TIME 1030 ____ OBSERVER WEP
UNIT 79A

TC TEMP, °F

| 503

2 531

3 518

B 521

5 542

6 508

7 543

8 539

9 500+

10 536

1 open

12 236

13 529

14 $44

15 505

16

AVG. -
COMMENTS i
NOTE: |. Temps are "omnical™ unless othervise noted
2. CO = not included in avg.
* « CTIC D31

Q700 D GEQMGE PALMERM HaCIAWAY, LANKIAM, MAMYLANG 207001837 USA ¢ (J01) 87 7.0480



MATERIALS ENGINEERING ASSOCIATES, INC.

STRUCTURAL INTEGRITY TECIHNOLOGY
CORROSION FATIGUE * FRACTIURE MECHANICS TESTING * IRRADIATIONS

DAILY TEMPERATURE PERFORMANCE RECORD

DATE___ 9-22-87 TIME__ 1657 OBSERVER __ kCM
UNIT 79A

TC TENP, °F

| 203

2 529

v 212

4 518

5 540.5

6 505

7 54 |

8 536

9 . 500*

10 233

1 open

12 533

13 526

14 54 |

15 50|

16

AVG. -
COMMENTS A
NOTE: I. Temps are "omnical" unless otherwise noted
2. O « not included in avg.
. « CTC D32

D700-8 GEONGE PALMER FICIHWAY, LANKAM, MARNYILAND FO700 1837 USA ¢ (D01) 877 . 0480



MATERIALS ENGINEERING ASSOCIATES, INC.

ETRUCTURAL NTEGRITY TECHNOLOGY
CORROSION FATIGUE ¢ FRACTURE MECHANICS TESTING ¢ IRRADIATIONS

DAILY TEMPERATURE PERFORMANCE RECORD

DATE -21-87 TIME____ 2052 OBSERVER __ kM
UNIT 79A
TC TEME, °F
| 505
2 529
3 217
o 319
5 237
6 303
7 537
8 533
? el e
10 531
1 __open
12 326
13 518
14 530
15 891
16
AVG. -
COMMENTS
NOTE: |. Temps are "omnical” unless othervise notd
2. O » not included in avg.
* = CTC
D-33

Q700 0 GEQNGE PALMERN FIGIHWAY, LANFIANM, MANYLAND 207001683/ USA ¢ (301) 877.9480



NMATERIALS ENGINEERING ASSOCIATES, INC.

STHUCTURAL INTEGRITY TECHNOLOGY
COR OSION FATIGUE * FRACTURE MECHANICS TESTING ¢ IRRADIATIONS

DAILY TEMPERATURE PERFORMANCE RECORD

9-24-82 TIME ) (2 OBSERVER M
UNIT 79A
TC TEMP, °F
| 500
2 526
3 312
4 516
5 538
6 503
7 539
8 534
9 500 *
0 530
1 open
12 33l
13 324
14 239
15 499
16
AVG. -
COMMENTS
NOTE : l. Temps are "omnical" uvnless otherwise noted
2. O * not included in avg.
* =« (CTC
D=34

g B7000 o TIGE PALMER MIGIHWAY, LANHAM, MANYLAND 20706-1837 USA ¢ (301) 577.9480




MIATERIALS ENGINEERING ASSOCIATES, INC.

STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGUE * FRACTURE MECHANICS TESTING ¢ IRRADIATIONS

DAILY TEMPERATURE PERFORMANCE RECORD

DATE 9-25-87 TIME 0828 OBSERVER___ CINM
UNIT 79A
TC TEMP, °F
| 493
2 520
3 306
4 308
5 331
6 496
7 333
8 527
) 4904
10 525
11 open
12 243
13 518
14 533
15 493
16
AVG. -
COMMENTS _
NOTE: I. Temps are "omnical" unless otherwise noted
2. O a not included in avg.
* = CTC
p=35

Q700 0 GEONGE PALMER FIGIHWAY, LANMAM, MANYILAND 207001037 USA ¢ (301 857 7.9480



MATERIALS ENGINEERING ASSQCIATES, INC.

STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGUE ¢ FRACTURE MECHLNCS TESTING ¢ IRRADIATIONS

DAILY TEMPERATURE PERFORMANCE RECORD

DATE 10-1-87 TIME 1354 OBSERVER_ DJM
UNIT 79A
TC TEMP, °F
1 498
2 330
3 313
4 512
5 538
6 503
7 542
8 536
9 490"
10 232
1 open
12 528
13 520
14 54 |
15 499
16
AVG, -
COMMENTS
NOTE : l. Temps are "omnical" unless othervise noted
2. C D = not included in avg.
* = C1C
D=36

D700 B CEONGE PALMERM FIGHOAAY, LANFIARM, MANYLAND 2070818037 USA ¢ (D011 877.9490



Operating Temperature Records for UBR-80

(Capsul=s A)

D=-37



A-CAPSULE

/

//INOT GEB-2 MATERIAL
.

<

-

Fig. D=6 Thermocouple Placements on Charpy=V and
Tensile Specimens in Capsule A (UBR-80).



IVMIATERIALS ENGINEERING ASSOCIATES, INC.

STRUCTURAL IN TEGRITY TEG-NOLOGY
CORAOSION FATIGUE * FRACTURE MECHANICS TESTING ¢ IRRADIATIONS

|G DAILY TEMPERATURE PERFORMANCE RECORD

DATE  (0-4-87 TIME___ 1843 OBSERVER___KCM
UNIT 80A

TC TENP, °F

| 530

2 T -

3 547

“ 332

5 54 8

6 539

7 ___556

8 S60

9 3335

10 534

1 549

12 554

13 362

14 544

15 536

16 543

17 536
COMMENTS g 248 - v
NOTE: . Temps ar- "omnical" unless othervise noted

2. O = not included in avg.
. - CTC
D-39

B700 B GEONGE PALMERA HIGIHWAY, LANHAM, MARYILAND 20706-1837 USA ¢ (301)877.9490



MATERIALS ENGINEERING ASSOCIATES, INC.

STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGLE * FRACTURE MECHANICS TESTING ¢ IRRADIATIONS

IG_DAILY TEMPERATURE PERFORM.NCE RECORD

DATE 10-5-87 TIME___ 1023 OBSERVER__KCM
UNIT 80A
TC TEMP, °F
! 539
3 353
4 559
] 548
6 559
7 3359
8 363
9 531
10 332
1 547
12 559
13 567
14 544
15 540
16 554
17 543
COMMENTS Ave! 230
NOTE: l. Temps are "omnical” unless otherwvise noted
2. CO = not included in avg.
* = CTC
D=40

D700 B GEORCE PALMER IHIGHWAY, LANFHAM, MARYLANG 20706 1837 USA ¢ (3N1) 577.9490



MATERIALS ENGINEERING ASSOCIATES, INC.
STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGUE ¢ FRACTURE MECHANICS TESTING ¢ IRRADIATIONS

IG DAILY TEMPERATURE PERFORMANCE RECORD

DATE__ 10-6-87 TIME 1132 OBSERVER _ pIM
UNIT 80A

TC TEMP, °F

| 539

2 G

3 336

4 363

5 549

6 560

7 561

8 565

9 530

10 532

1 547

12 56|

13 _ 810

14 543

15 540

16 556

17 54
COMMEWTS Avg: 23 _
NOTE: l. Temps are "omnical" unlsess othervise noted

2. o = not included in avg.
¢ = CTC

D~q]
97000 GFONCE PALMERM HIGIHWAY, LANFANM, MARYLAND 20700 1837 USA ¢ (301 £77. 9400



MATERIALS ENGINEERING ASSOCIATES, INC.

STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGLE * FRACTURE MECHANICS TESTING ¢ IRRADIATIONS

IG DAILY TEMPERATURE PERFORMANCE RECORD

DATE___ 10-7-87 TIME__ 1039 OBSERVLR __KCM
UNIT 80A
TC TEMP, °F
l 537
3 555
- 362
5 548
6 560
7 562
8 565
9 529
10 531
B 546
12 361
13 570
14 S44
15 54 |
16 557
17 531
COMMENTS Ave: 230
NOTE: I. Temps are “"omnical" unless othervise noted
2 O = not included in avy.
¢ = CTC _
D-42

Q700 B GEOMGE PALMERN (UYWAY, LANMHAM MARYLAND 20700 1837 USA ¢ (3301 S77.0480



MATERIALS ENGINEERING ASSOCIATES, INC.
STRUCTURAL INTEGRITY TECHNOLUGY
CORFROSION FATIGUE * FRACTURE MECHANICS TESTING * IRRADIATIONS

1G_DAILY TEMPFRATURE PERFORMANCE RECORD

DATE___ |0-8-87 TIME 114l OBSERVER__ DM
UNIT 80A
TC TEMP, °F
| S41
] @a
3 339
4 366
5 332
6 363
7 365
8 569
9 532
10 534
1 549
12 564
13 373
14 S46
15 543
16 360
17 533
COMMENTS Ave! 32
NOTE: l. Temps are "omnical" unless othervise noted
2. O * not included in avg.
¢ « CTC
D=43

D700 0 GEOMCE PALMER HIGHWAY, LANMAM MARYLANG 207061837 USA ¢ (301) 877.5490



MATERIALS ENGINEERING ASSOCIATES, INC.
STRUCTURAL INTEGRITY TECHNOLOGY
CORROBION FATIGLE ¢ FRACTURE MECHANICS TESTING * IRRADATIONS

IG DAILY TEMPERATURE PERFORMANCE RECORD

DATE___10-12-87 TIME__ 0901 OBSERVER___K(M
UNIT 80A
TC TEMP, °F
] 538
3 551
o 357
5 547
6 558
7 559
8 56 |
9 530
10 331
1 54 6
12 557
13 565
4 542
15 538
16 551
17 53]
COMMENTS e e —
NOTE: |, Temps are "omnical"” unless othervise noted
2. O = not included in avg.
¢ =« CTC
D-44

D700 0 GEORNCE PALMER 1MGHWAY, LANFHAM, MARYLAND 20700 1837 USA ¢ (301) 877 .9490



MATERIALS ENGINEERING ASSOCIATES, INC.
STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGUE ¢ FRACTURE MECHANICS TESTING ¢ HARADIATIONS

1G_DAILY TEMPERATURE PERFORMANCE RECORD

DATE__10-13-87 TIME__ 549 OBSERVER __ DJM
UNIT 80A
TC TEMP, °F
| 538
3 332
4 238
S 547
6 538
7 560 .
8 563
9 230
10 541
(B 246
12 560
13 569
14 543
15 540
16 555
17 531
COMMENTS Avgt _220
NOTE : |. Temps are “"omnical"” unless otherwise noted
2. O = not included in avyg.
. « CIC
D=45

O700 0 GEORCE PALMER HIGHWAY, LANMAM. MARYLAND 20700 16837 VSA ¢ (30187704890



MATERIALS ENGINEERING ASSOCIATES, INC.

STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGLE * FRACTURE MECHANICS TESTING ¢ IRRADIATIONS

1G_DAILY TEMPERATURE PERFORMANCE RECORD

DATE __10-14-87 TIME__ Q806 OBSERVER __ kCM

UNIT 80A

TC TEMP, °F

! 239

Avg: 17
COMMENTS L 1 L R

NOTE: |, Temps are "omnical” unless cthervise noted

2 ) * not included in avg.
¢ « (C71C

D=& b6

D700 0 GECRGE PALMER HMIGHWAY, LANFAM MARYLAND 20706 1837 USA ¢ (301 877 . 0490



MATERIALS ENGINEERING ASSOCIATES, INC.
STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGUE * FRACTURE MECHANICS TESTING ¢ IRRADIATIONS

1G DAILY TEMPERATURE PERFORMANCE RECORD

DATE__ 10-15-87 TIME__ 1314 OBSERVER__ DIM
UNIT 80A
TC TEMP, °F
| 537
2 (iii!
3 334
4 362
5 549
6 560
7 562
8 566
9 530
10 232
8 547
12 360
13 5§71
14 544
15 54 |
16 596
17 531
COMMENTS e —
NOTE: I. Temps are "omnical" unless othervise noted
2. O s not included in avy.
¢ « CIC
De4?

D700 0 GEOROE PALNMEA 1a0IWAY, LANFAM MAAYLAND 20706 1837 USA ¢ (3N1) 877 0400



MATERIALS ENGINEERING ASSOCIATES, INC.

STRUCTURAL NTEGRITY TECHNOLOGY
CORROSION FATIGLE * FRACTURE MECHANICS TESTING ¢ IRRADIATIONS

IG_DAILY TEMPERATURE PERFORMANCE RECORD

DATE__10-19-87 TIME__ 0230 OBSERVER__ WEP
UNIT 80A

TC TEMP, °F

l 339

2 £ 5552

3 550

4 556

5 550

6 559

7 556

8 261

9 333

10 233

1] 548

12 357

13 364

14 543

15 538

16 549

1 533
COMMENTS Ave: 330 __
NOTE I. Temps are "omnical” unless othervise noted

2 (::) e not included in avy.
* « CTC

l)-u?‘

D700 0 GFOMGCE BALMER HICHAWAY, LAFMAM, MARYLAND 207006 1827 USA ¢ (031 87 7. 54D



MATERIALS ENGINEERING ASSOCIATES, INC.
STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGLE * FRACTURE MEDHANICS TESTING ¢ IRRADIATIONS

IG DAILY TEMPERATURE PERFORMANCE RECORD

DATE ___10-20-87 TIME___ 1251 OBSERVER___DJM
UNIT 80A

TC TEMP, °F

' 538

3 549

4 331

5 541

6 351

7 338

8 562

9 529

10 531

1 546

12 358

13 568

14 283

15 . - S——

16 _ 238

17 $32
COMMENTS i — F '
NOTE: I, Temps are "omnical” unless othervise noted

2 CO = not included in avy.
¢ o G by

9700 0 GEORGE PALMER HIGHWAY, LANFAM MAAYLAND 20708 1837 USA ¢ (D01 S77 0400



MATERIALS ENGINEERING ASSOCIATES, INC.

STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGLE ¢ FRACTURE MECHANICS TESTING * IRRADIATIONS

IG DAILY TEMPERATURE PERFORMANCE RECORD

DATE___10-21-87 TIME___ 1520 OBSERVER _ CILM
UNIT 80A
TC TEMP, °F
| 540
3 363
4 374
5 363
6 §74
7 574
8 579
¢ 54 5
10 546
1 56|
12 313
13 383
l4 357
15 553
16 566
17 54 5
COMMENTS e el
NOTE: I. Temps are "omnical" unless othervise noted
2 O = not included in avyg.
. « CTC

D«50

D700 0 GEONOCE PALMER HIGHWAY, LANFAM, MARAYLAND 207086 1837 USA ¢ (301) 877 . Ga90



MATERIALS ENGINEERING ASSOCIATES, INC.
STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGUE ¢ FRACTURE MECHANICS TESTING ¢ IRRADIATIONS

IG DAILY TE:i.. _.TURE PERFORMANCE RECORD

DATE___10-22-82 TIME 1309 OBSERVER__ DIM
UNIT 80A

TC TEMP, °F

| 538

2 @-

3 332

- 560 r

5 550

6 560

7 56 1

8 565

9 532

10 533

3| 549

12 339

13 369

14 243

15 240

16 332

17 553
COMMENTS Ave: 221 -
NOTE: |. Temps are “omnical" unless otherwise noted

2 O = not ihcluded in avg.
* =« CTC
D-51

B70U D GEOAGE PALMER IHMGIHWAY, LANFIAM, MARYLAND 20706 1837 USA ¢ (301) 877.9480



MATERIALS ENGINEERING ASSOCIATES, INC.

STRUCTURAL NTEGRITY TECHNOLOGY
CORROCSION FATIGLE ¢ FRACTURE MELHANICS TESTING ¢ IRFADIA TIONS

IG_DAILY TEMPERATURE PERFORMANCE RECORD

DATE 10-25-87 TIME___ 1649 OBSERVER___ WEP
UNIT 80A
TC TEMP, °F
! 342
3 224
“ 561 .
b —
6 56 1
! 360
8 567
y 3)3
10 —l
1 333
12 539 .
13 571
14 549
15 546
16 SR
1 338
COMMENTS e -
NOTE |. Temps are “"omnical"” unless othervise noted
2. CO = not included in avg.
. « CTC
D=52

D700 B GEOMCE PALMER FICHWAY, LANFAM, MARYLAND BOT00 1837 USA ¢ (3(01) 977 9480




MATERIALS ENGINEERING ASSOCIATES, iINC.
STRUCTURAL INTEGRITY TECHNOLOGY
CORPOSION FATIGLE ¢ FRACTURE MECHANICS TESTING * IRRADATIONS

IG DAILY TIMPERATURE PERFORMANCE RECORD

DATE___10-26-82 TIME____ y92s OBSERVER__ KCM
UNIT 80A

TC TENP, °F

| S&l

= v I—-—

3 223

. 363

$ 332

6 360

7 560

3 568

9 336

10 338

1 333

12 238

13 570

14 $4 7

15 545

) I

17 534
cowveNts M2 L.
NOTE: |. Tewp: are "omnical" unless othervise noted

2 CO + not included in avg.
R D53

P00 CEDODVMOCE PALMNEN a3 OWA 7, LANMANM, MARYLAND BO7TO00 1837 USA ¢ (DY) B77 . 0480




MATERIALS ENGINEERING ASSOCIATES, INC

STRUCTURAL INTEGRITY TECHNOLOGY
CORPOSION FATIGLE * FRACTURE MECHANICS TESTING ¢ IRRADIATIONS

IG_DAILY TEAPERATURE PERFORMANCE RECORD

DATE___10-27-87 TIME__ 0934 OBSERVER __ WEP _

UNIT 80A
Tc TEMP, °F
| 244
= @
3 S34
‘ —1&—_—
5 2ol
6 360
7 560
8 368
9 536
10 538
1 234
12 280
13 574
14 %8
15 54 7
18 I | 7 A
17 535
COMMENTS i —
NOTE: I. Temps are "omnical"” unless othervise noted
? O * not included in avy.
. « CTC
D=5

D700 0 GEORGCE PALMERN 1 4GHWAY, LANFIAM, MARYLAND 20700 18237 USA ¢ (N1 8727 . Gan0



IG_DAILY TEMPERATURE PERFORMANCE RECORL

DATE___J0-28-87 TIME___ 1829 OBSERVER = KCM
UNIT 80A
Tc TEMP, °F
! SN
2 @a
3 $50
B 339
5 546
6 534
7 533
8 556
9 535
10 533
11 L49
12 5§54
13 568
14 261
15 540
16 549
17 528
COMMENTS e ——
e 1 |. Temps are "omnical"” unless othervise noted
8 O = not included in avg.
. =« CTC Be3s

QTOQ 3 GEORGE PALMER HIGHWAY, LANFANM, MARYLAND 20706 18237 USA ¢ (301) S77.9480



MATERIALS ENGINEERING ASSCQCIATES, INC.

STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGUE * FRACTURE MECHANICS TESTING ¢ IRRADIATONS

IG_DAILY TEMPERATURE PERFORMANCE RECORD

DATE 10-29-87 TIME__ 0713 OBSERVER _WEP
UNIT 80A
TC TENP, °F

534
: _@___

3 549 P
4 559
5 546
6 555
7 556
: 364
’ 531
10 333
I 548
12 $54
13 567
T 54 | B
IS 540
6 .. E—
" — e
COMMENTS R i — ', -
MOTE Temps are "omnical" unless otherwise
O - st luds
] D=56



MATERIALS ENGINEERING ASSOCIATES, INC.
STRUCTURAL INTEGRITY TECHNOLOGY
CORFOSION FATIGUE ¢ FRACTURE MECHANICS TESTING ¢ IRRADIATIONS

IG DAILY TEMPERATURE PERFORMANCE RECORD

DATE 10-30-87 TIME 1016 OBSERVER__ DJM
UNIT 80A

TC TEMP, °F

| 534

3 548

“ 258

5 546

® 354

7 335

8 563

9 531

10 533

1 548

12 532

13 565

14 540

15 _ 8%

6 _s6

1 .
COMMENTS L .. A—vgz ’“%“-6_ N __hL
NOTE Temps are "omnical” unless otherwise noted

CO = not included in avg.
‘ " D-57

DTO0 B GEOS £ PALMER 1 #CH-WAY . LANMAMN MARYLAND 20706 1837 USA ¢ (3001

U



MATERIALS ENGINEERING ASSOCIATES, INC
STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGUE * FRACTURE MECHANICS TESTING ¢ FRADA TIONS

IG DAILY TEMPERATURE PERFORMANCE RECORD

OBSERVER WEF




MATERIALS ENGINEERING ASSOCIATES, INC.
STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGLE ¢ FRACTURE MECHANICS TESTING ¢ IRRADATIONS

G_DAILY TEMPERATURE PERFORMANCE RECORD

DATE___11-2-87 TIME___ 1151 OBSERVER _KCM
UNIT 80A
Tc TEMP, °F
! 531
3 230
- 360
3 549
6 558
7 557
8 566 )
9 54
10 536
| 551
12 556
13 569
14 544
1S 542
16 $3Q
17 332
COMMENTS Ave: 348 —
NOTE: . Temps are “cmnical" unless otherwise noted
- P O e nct inc'uded in avg.
. « CTC
D-59

0700 0 GEONCE PALMER 1HIGHWAY, LANHIAM, MARYLAND 207061837 1JSA ¢ (30D1) 877.0490



MATERIALS ENGINEERING ASSOCIATES, INC.

STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGUE ¢ FRACTURE MECHANICS TESTING ¢ IBRADATIONS

16 _DAILY TEMPERATURE PERFORMANCE RECORD

DATE 11-3-87 TIME 1304 OBSERVER ___ wEP
UNIT 80A
rc TEMP, °F
! 332
2 N&TT >
b} 331
“ 36!
5 549
6 558
7 558
8 567
9 534
10 337
R 333
12 558
13 373
14 544
15 542
16 LI
17 531
COMMENTS Ave: _231____
NOTE: I. Temps are "omanical" unless othervise noted
2. O = not ‘ncluded in avg.
¢ s €%
D-60

0700 8 GECHGE PALMER HIGHWAY, LANHAM, MARYLAND 20706183 ~SA % (J3Q1)877.94890




MATERIALS ENGINEERING ASSOCIATES, INC.
STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGUE ¢ FRACTURE MECHANICS TESTING ¢ IFRADIATIONS

| TURE PE RECORD
DATE___11-3-87 _ TIME__ 1221 OBSFRVER ____KCM
UNIT BOA
1c TEMP, °F
! NS | V—
2 T, -
3 248
4 558
3 246
6 333
7 335
8 564
S 531
10 534
1 549
12 553
13 567
14 340
s 238
16 346
17 528
COMMENTS Ave: 241
NOTE : |. Temps are “"omnical" unless otherwise noted
2 CO » not included in avg.
. = CIC
p-61

Q7000 GECHMGE PALMER HIGHWAY, LANHAM, MAAYLAND 20706 1837 USA 2DV BT T wad



MATERIALS ENGINEERING ASSOCIATES, INC,

IG_DAILY TEMPERATURE PERFORMANCE RECORD

DATE__ |1-5-87 TIME__ 0922 OBSERVER ___ wEp
UNIT 80A
TC TENP, °F
i 333
3 547
- 357
5 546
6 355
7 554
8 564
9 231
10 234
B 549
12 553
13 568
14 540
15 - 38
16 546
17 528
COMMENTS Avg: __34)
NOTE: l. Temps are “"omnical"™ unless othervise noted
2. O = not included in avy.
. = CTC
D-62

Q7000 GEOFICE PALMER HIGHWAY. LANANM MARYLAND 20706 1837 USA ¢ (301 $77.0490



MATERIALS ENGINEERING ASSOCIATES, INC,
STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGUE * FRACTURE MECHANICS TESTING ¢ IRRADATIONS

IG L TURE _PER ANCE RE
DATE__|)|-8-82 TIME_ 846 _ OBSERVER _yEp _
UNIT 80A

TC TENP, °F

1 535

2 557

3 544

“ 552

5 347

6 334

7 332

8 360

9 533

0 535

1 550

12 551

13 562

14 541

15 538

16 543

17 530
COMMENTS B s —
NOTE: |. Temps are “"omnical” unless otherwise noted

O * not included in avg.
* = CTC
D-63

D700 8 GEORGE PALMER HIGHWAY, LANMHAM, MARYLAND 207068 1837 USA ¢ (301) S77.9490



MATERIALS ENGINEERING ASSOCIATES, INC.

STRUCTURAL INTEGRITY TECHNOLOGY
CORPOSION FATIGLE * FRACTLIFE MECHANICS TESTING ¢ IRRADIATIONS

IG  DAILY TEMPERATURE PERFORMANCE RECORD

DATE___11-10-87 TIME_ 1253 OBSERVER_ piM
UNIT 80A
TC TEMP, °F
| 233
2 @a
3 549
o 560
5 548
6 557
7 556
8 566
9 532
10 535
1! 551
12 s
13 569
14 .1
15 3
6 _ w8
17 =
coomnrs A 248 - =l " .
NOTE: I. Temps are "omnical" unless otherwise noted
O = not indcluded in avg.
* = CTC )
6é

27008 GEOAGE PALMER HIGHWAY, LANHAM, MARYLAND 20708 1837 A0 11 B2 72.849C
s S0 g 3C




MATERIALS ENGINEERING ASSOCIATES, INC.

STRUCTURAL INTEGRITY TECHNOLOGY
CORROSION FATIGUE * FRACTURE MECHANICS TESTING ¢ IRRADIATIONS

|G DAILY TEMPERATURE PERFORMANCE RECORD

DATE___11-12-87 TIME_ 1418 _ OBSERVER _ DJM
UNIT 80A
| TC TEMP, °*F
i | ——
2 NaTT- I
} ) 549
l 4 360
: 5 348
\ 6 556
| 7 536
| - 566
l 9 533
10 535
1 551
12 53535
13 311
& 543
15 341
16 549
17 530
COMMENTS i e —
NOTE: ). Temps are “"omnical" unless otherwise noted
2. C = not included in avg.
¢« » CTC
D-65

270080 GFONCE PALMER HIGHWAY, LANFHAM, MARYLAND 20706 1837 USA ¢ (301 S77. 94890



Neutron Dosimetry Determinations:
Irradiation Experiments UBR-68, UBR-78
UBR-79A, UBR-80A
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Table E-1 Irradiation Bgperiment UBR-68 Copsule A Fluence-Rate Monitor Results (Ref. 1)

Mon i tor / Segment Fluence Rate” x 10°< Monitor Location in
Average ) Specimen Array
Al (Fe 5.58 Specimens A25 to A30
N 5.61
Al Fe) 5.70 Specimens A27 to A4
e (Fe) 6.28 Specimens A7 to A29
A (Fe 6.30 Specimens AS to AJS
AS (Fe 6.44 Specimens A26 to All
Ni 6.50
I Fe 6.73 Specimens A23 to A6
A7 (Fe 7.24 Specimens A24 to A8
AR Fe 7.18 Specimens A21 to A28
Ageo) 4.14;
Vial (U 8.2 = iller piece, Specimens A32 to AS
9.42)
Fe 6.63
Ni 6.72
a . g ' y 238, . y 235
See Fig. 6 in main text for monitor locil. The Fe Ni and U results are based an >1 MeV U
fission spectnm averaged cross sections of 115.2, 156.8, and 441 millibarmms respectively.
Corrections for epithermal neutron comtributions are based on Co-Cadmium ratios cobtained from a

special MEAMHEDL-UER moclap egeriment irradiation (applies to Tables E-2 to E-6 alsc

b pission spectnm assumption; n/ow‘-s * (£ >1 MeV) unless noted. — -

“ Thermal fluence rate correctod for epithermal neutron comtributions based on i%g amd “7Co reaction
rates and thelr Ccross sections. = e

4 average of separate determinations for Bgr, 108, Vi, M0pa.

® Calculated spectrum value.

Summary, Capsu’e UBR-G8A >

) Average nestron fluence (all specipens): 8.6 x 1018 /o E >1 MeV (calculated spectrnum flueroe) .
2. Average dpa (E >1 MeV): 1.39 x 10 “,
Bgposure hours: 249.0 (C-2 facility



1 5t |

Table E-2 Irradiation Beperiment UBR-68 Capsule B Fluence-Rate Monitor Results (Ref. 1)

Mon i tor/Segnent® Fluence Rate® x 102 Monitor Location in
(Average) Specimen Array

B (Pe) 7.24 Between layers 1 and 2
(AgOo) 3.

B3 (Fe) 7.04 Between layers 3 and 4
i) 6.87

BS (Pe) 6.82 Between layers 6 and 7
mi) 6.67

B (Pe) 6.71 Between layers 8 and 9
(Co) 3.40

B7 (Pe) 6.52 Between layers 10 and 11
(Ni) 6.39

o= (Fe) -a- Between layers 2 and 3

B (Fe) 6.65% Imediately below layer 11

vial (%) s.nf Between layers 4 and 5

9.47M9

(Pe) 6.79
i) 6.97

® See Fig. 6 in main text for monitor locii. The Fe,Ni and 2% results are based on >1 Mev %y
fission m—u—l“ﬂdm.z 156.8
P pission spectrus assumption; -1 (E >1 NeV) ,
‘mwwmummmum‘%u%m
rates and their cross sections.
:mmmm
Based on one dosimeter section only ( for «E not » ailable).
‘mdwmmﬁ.m m‘.
9 calculated spectrum value.

Sumary, Capsule UHR-68B

1. Mversoe neastron floence (all ): 8.76 x 10°F /=’ E >1 Mev (calculated spectrum fluence).
. Average dpa (E >1 MeV): 1.42 x 107°.

W BExposure hours: 249.0 (C-2 facility).

!
:
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Table E-7 Irradiation Bperiment UBR-78 Capsule A Fluence-fate Monitor Results (Ref. 2)

Moni tor/ Seguent * Fluence Rate” x 102 Monitor Location in
(Average) Specimen Array
2 (e 6.50 Immediately above layer 1
(i) 6.26
A (e 6.59 Between layers 1 and 2
(Co) 1.96%
M (Pe) -3~ Between layers 3 and 4
i) -
AS (Pe) 6.80 Between layers 5 and 6
A5 (AgOo) 2.08° Between layers 6 and 7
A7 (Pe) 6.82 Betwsen layers 7 and 8
i) 6.75
vial (Poy) 7.80% Between layers 4 and 5
(8.93)9
(Pe) 6.71
i) 6.74
2 See Fig. 20 in main text for monitor locii. The Pe,Ni and 7%y results are based on >1 Mev 2%y
2 and 441 millibarms, respectively.

E

1. Average nectron (all ): 2.67 x 1% E >1 Mev (calculated fluence) .
2. Average dpa (E >1 MeV): 0.43 x 107°. , '
3. Bgosure hours: 78.0 (B4 facility).
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Table B4 ’“rradiation Bgeriment USR-78 Capsule B Fluence-Rate Monitor Results (Ref. 2)

Mor i tor / Sex gt Fluence Rate® x 10%2 Monitor Location in
(Average) Specimen Array
Bll (Pe) 6.29 Specimen A3 to B3
Bl2 (Pe) 6.79 Specimen M to C1
BlO (Pe) 6.1° Specimen Dl to 0
(Ni) 5.76
B3 (Pe) 7.22 Specimen D6 to D4
i) 9%
B (Fe) s Specimen El to B6
» (Fe) 6 61 Specimen C2 to Bl
(o) 2098
vial (P8 7 5% Filler piece, Specimen D2 to AS
(%.34)
(Pe) 6.17
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Table E-5 Irradiation Bperiment USR-79A Capsule A Fluence-Rate Monitor Results (Ref. 3)

Specimen Array

Monitor Location in
Immediately above layer 1

Fluence Rate® x 10°2

Between layers 2 and 3

a3

Between layers S and 6

2R

6
6.

Between layers 7 and 8

Filler piece, layer 4

vial ($3%),
(Pe)
(Ni)

E~-10

u”‘nz-um--uauu”%

e A0 9@

>1 MeV.
E >1 MeV.

E >1 Mev (calculated spectrum fluence).

8.6 x
1.38 x

..lxﬁé&

8.5 x 1078

1.4 x
1.” .

3.



Neutron Dosimetry Deterwinations
Based on Fission Spectrum Assumption
for UBR-80 (Capsule A)




Table E-6 Irradiation Bperiment USR-80 Capsule A Fluence-Rate Monitor Results (Ref. 3)

Monitor Location in

T

Fluence Rae” x

_* men MO @

N e e r~r® L

i i
HEHE

CF m +fn«mnue

el AR I_O.b

gaEdegenid iz
§ 235 8%z 3

E-12

z_um

f A0 Vew

g m .
!
|
o
R
il 5
wwm '
i
ik

It
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APPENDIX F

Charpy-V Data Tabulation and Computer Curve Fits
for Unirradiated Condition Tests and Irradiation
Experimen: UBR-68, UBR-78, UBR-79A, and UBR-80A Tests



OVERVIEW

The data curve fitting procedure employed the hyperbolic tangent
curve fitting method. [wo curves are provided here for each data
ser: the curve illustrated in the first figure for the set shows the
results obtained with the available data; the curve in the companion
figure 1is the result obtained when four fictitiour data points
(5 ft-1b energy absorption) are added at a temperature that is 50°F
below the intercept of a line representing a linearized transition
reglon, with the abscissa. The line in this case is an eyeball fit te
the data; the choice of a larger temperature shift (up to 170°F) was
found not to influence the result appreciably.

The intentional addition of the fictitious data serves to force the
curve to & reasonably low, positive value in the toe region. This
device is particularly useful for those cases where data are lacking
in the toe region for gulding the computer in its setting of bounding
conditions. It will be noted that the American Society for Testing
and Materials has not issued a standard method or a standard guilde for
curve-fitting C, data for the irradiated condition.
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Code CGEB (Side 2) Unirradiated Condition
1/8T Thickness Location
ASTHM L-C Orientation

Tenp Eanergy Lat Exp
(*X) (Lfe=-1b) _ (mils)
-110 7.0 5
70 18
- 40 &‘
40 28
20 32
0 b
0 4]
30 46
30 45
75 70
120 76
120 77
200 T4

Y -y
Fq ) V.‘

e
4
»

Specimen

Number
34

37
38
35
a3
43
39

42
41
46
44
40

DO LLWWWWWWWWLWWWLY
’ M.Jp)v;._._‘p,x._a;)o)wgg)aj
x




Energy (Fi-13)

Cv data
File ¢t U~1/8A

60

40 r y

20 +

e
-

200
-1@8
e

Temperature (*F)

Cv = A « B tanhicY = To)sC)

Eng'ish

L4 3.9
. 3.9
. 6.9
LI 14.%

~“~MOw>»

Cu » 30 L=l or 41,7 J when T = =18,9

F-5

Merrie
8. 84
49.%3
.27
"c "



Energy (ft-1b)

Cv data
File : U-1/8BR

180

-

a A .. A d
4 ¥ - = = 2
N - - o ™
| |

Temperature (°F)
Cv = R + B ranhi<(T = To)/C)
English Metric
A= 41.68 $6.91
B = 38,90 g2.78
L = 95.43 $3.01
To = 9.42 ~12.9%5%
Cv = 30 fr=~1b or 41.7 J when T = -20.1 -29.0

4 points added at location given by "0’ symbol,
4 points at (~1%0,%)



1/4T Thickneses Location

ASTM L-C Orientation

No Specimen Plece/ Temp
Number Row -
1 16 12 -40
2 7 12 0
3 5 12 30
4 3 11 75
5 9 12 120
6 ! W | 200

Energy

000000

Lat Exp Shear
) AX)

18 <100

26 <100

34 ~100

49 <100

61 <100

73 100



Cv data
File ! U~1/4A

~
L0
| 60 p
-
L7
N
p
.
tg 42
29 F
B A L A
4 & - &
N e -
| |
Temperature (°F)
Cu = A + B tanh((T = To /1)
Engliish Metric
A= 46,38 62.88
B = 22.9%4 44 .66
C = 65,06 36.19%
To = 45.12 7.29
Cv = 30 ft=1b or 41,7 J when T = 9.6 -~12.4

F-8

joee -



Energy (ft-1b)

20

Cv data

File ! U=-1/4R

-

-100

Cu = A +« B

Temperature

English

B 41.78

- 39.40

= 83.61

o 32,56

40O w>D

Cvu = 38 fr=1b or 41.7 J when T = 6.2

4 points added at

location given by

4 points at (~109%5,%

e
—

(*F)

IOt

tanh({(T = To)>7C)

Metric
$6.69
$3.43
47,956

31

~14.4

symbol,

200

jee -



No

DO WA -

Code GEE.

1/4T Thickness Location
ASTM C-L Orientation

Specimen Plece/ Temp Energy
Bow L°R) . (ft-
32 11 -40 26.0
21 E' 3 0 37.0
20 11 30 52.0
19 xR 75 81.0
22 11 120 108.0
18 11 200 110.0

F=10

Lat Exp

21
34
43
61
72
70

Shear

<100
<100
<100
<100
100
100



Energy (ft-1b)

Cv data
File : U-1r4C

125 ¢

180 ¢

7S f

Se r

S0 B et b

"% A
o 8
-—

-208
-108

Temperature (°F)

Cv =R + B tanh((T -~ To>sC]

English Metric

- £8.04 92.29%
= 44,63 60.51
= $9.03 32.79
o w 53.48 11.93

~“~0OwD

Cv = 30 ft~1b or 41,7 J when T = -21.,2 -29.9

F-11

200 }
Jee



Cv data
File ! U-1r4C

125 r
18@ r
o
f 7S
-
-
>
o
. 98 p
W]
25
2

-200
-108 +

Cu =R ¢+ B ranhi(T «

A
Ll

Temperature (°F)

40O w>»

o

Te)C)
English Metrice
- 98.34 79.10
- $8.30 79.08
. 91.40 Se.78
- 34.08 1.189
~295.8

Cvu = 30 ft=1b or 41.7 J when T = -14.5

4 points added at location given by ‘0’ symbol,

4 points at (~190,9%)

200 +

jee -



1/2T Thickness Location
ASTM L-C Orientation

Piece/ 4}..9 Energy Lat Exp Shear
*‘F)  (ft-1b)  (mils)

BWONHODOIDOMWN -

e s e

BRow_ ) (%)
3 2 -110 8.0 6 0
31 -70 12.0 10 18
3 2 -40 14.0 10 <100
31 -40 21.0 17 <100
3 2 -10 24.0 23 <100
3 2 0 20.0 21 34
31 0 32.0 31 34
31 30 35.0 30 <100
31 30 42.0 37 44
32 75 62.0 51 <100
3 2 120 80.0 55 100
31 120 66.0 60 <100
S 2 200 66.0 61 g9
31 200 66.0 684 100

F=13



Energy (ft-1b)

Cv data
File : U~1/2R

188 4

RO

6@

40

20 ¢

-2

i -k
8 - 3
— -
|

Temperature (°F)

Cv = R ¢« B tanh(<(T -~ To)-C)

English

. 38. 21
. 28.12
- 58.98
o= 2%.99

~“OwD

Cv = 30 fL=1b or 41.7 J when T = 8.3

Metric
S1.80
38.12
32.77
°30 3‘

-‘302

208
jee -



Cv data
File ! U~1-2R

1a@

80 r

Energy (ft-1b)

a A .- s - 2B
)
4 ¥ & = 2
% v . . .
Temperature (°F)
Cv = A + B tanh((T = To)>/C)
English Metric
R = 36.23 49.12
B = 31.02 42.06
C = 72.01 40,00
TO - 2‘05‘ -‘o ',‘
Cu = 30 ft~1b or 41,7 J when T = 9.9 -14.9

4 points added at location given by “07 symbol,
4 points at (~129,%)

F=15



SLNHOVONOOE WN -

Ll ol

7/8T Thickness Location

ASTM L-C Orientation

Specimen Piece/ Temp
_Row L°
54 3 2 -110
57 31 -70
55 3 2 -40
58 31 ~-40
53 3 2 -20
71 31 0
87 3 2 0
56 31 30
73 31 30
70 3 2 75
74 J1 120
69 3 2 120
72 31 200
68 S 2 200

CO00000OI00000

Energy

Lat Exp Shear
(mils) (X))

5 0
19 18
18 <100
22 <100
25 <100
32 56
36 35
33 <100
42 50
59 <100
53 89
69 100
67 100
78 100



Energy (ft-1b)

Cv data
File ! U-7/8BR

188

B L A A A J
4 ¥ - & 8 &
~N . — ~N ™
| !
Temperature (°F)
Cu = A +« B tanh(<(T - To>sC]
English Metric
A= 45.14 61.20
B = 33.9%1 495,43
C = 74,78 41,93
TO - 22.22 -SQ‘J
Cu = 30 ft=1b or 41.7 J when T = -14,2 -29.7




L e e e e e T P e S e A

Energy (ft-1b)

Cv data
File : U-7/8A

188 r

42

0 r

-

i L
8 ” 8
— -—
|

-20a

Temperature (°F)

Cu = R « B tanh({(T « To>~C)

English Metric

= 41.67 56,49

= 38,34 S51.98

= 93.08 S1.71

o= 11.87 =~11.18

“0Ow>D

Cvu = 30 fFt=1b or 41.7 J when T = =17.4 -27.4

4 points added at location given by "0’ symbol,
4 points at (~140,95)

200

jee -



Smx_nnn_mmunnn_na:ln__ﬂ._n_m
ode GEB (Side 2) - Unirradiated Condition

No Specimen
.. Number

ASTM L-C Orientationa

|

256
270
303
293

BWN=ODODIDOE WN -
~N
@
o

P e et ek

& Unless noted

Piece/ Temp Energy Lat Exp Shear
Row. (*F) (ft-1b) (mils) (%)
C1 -80 18.0 18 <100
c2 -40 26.0 24 <100
D3 -20 31.0 31 <100
D2 0 35.0 35 <100
Ci 20 35.0 33 <100
C2 40 41.0 39 <100
C3 60 49.0 47 <100
Cc3 150 78.0 72 95
D1 230 77.0 75 100
F1 230 81.0 73 100
8F-CMFL® ~40 32.0 30 <100
6F-CHFL 0 61.0 50 <100
8F-CMFL 230 114.0 84 100
8F-CMFL 230 114.0 94 100

b CMFL = ASTM C-L orientation



Energy (ft-1b)

Cv data
File ! UBR-~Y

125 g

120

i

8 " B

.~ —
|

Temperature (°F)

Cv = A ¢« B tanh((T - To)/C)

English
A = 590.98
B = 30.73
C = 81.92
To = 60.91

Cv = 30 fr=1b or 41,7 J when T = +«%.8

Metric
68.%7
41.67
43.9]
19.84

'21!‘

200

Jee -




Energy (ft-1b)

Cv data
File ! UBR-U

148 p

180 r

’S r

Temperature

(°F)

Cu = A +« B tanhi((T = Te)7L

English
A= ‘.l"
C = 160.21
To = 24,78

Cvu = 30 fr=1b or 41,7 J when T = -12.,1

4 points added at location given by "0

4 points at (~130,%

F-21

Metric
$5.09
63.77
89.01
-4, .‘

’2‘.5

symbol,

200

Jee -






Experiment UB-68 Unit B
Code GEB (Side 2) - As-Irradiated Condition
ASTM L-C Orientation

NHOOVIANRNDMDWN -

[ e——y

Specimen Piece/ Temp Energy Lat Exp Shear
Row (*F) (£t-1b)  (mils) (X)
4B 1 -40 11.0 14 <100
4B 1 0 14.0 17 <100
4B 2 10 18.0 20 <100
4A 1 40 29.0 30 <100
4C 1 50 28.0 32 <100
4C 2 80 36.0 36 <100
4A 2 80 37.0 37 <100
4D 1 100 49.0 47 <100
4D 2 120 49.0 48 <100
4C 1 200 69.0 60 98
4D 2 240 72.0 61 100
4A 1 260 67.0 59 100



Energy (ft-1b)

Cvu data
File : UéB!

125 r

180 F

4
g . B
— —
I

Temperature (°F)

Cu = A « B tanh((T = To)~C)

English Metric

- 38.99 s2.81
. 33.00 44,73
- 94.89 s2.71
o . #1.61 27.9%6

0O w>D»

= 30 fFt=~1b or 41.7 J when T = 8%5.,2 12.9

208 |

jee -



Cy data
File ¢ UEBICy

188 ¢
80 ¢

2

| EQ

-

S

'

P

gz
29 b
o ——

208
Joee -

- 3

Temperature (*°F)

Cvu = A « B vanh((T = To)sC)

English Metric
A= 37.63 si1.02
| 3%.13 47.63
Ce 104.78 98.21
To = 7.7 2%9.04

Cv = 39 fr=1b or 41,7 J when T = %4,0 12.2

4 points added at location given by "0 symbol,
4 points at (=9%9,9%)




Experimpent UB-68 Unit B
Code GEB (Side 2) - Postirradiation Annealed 399°C (750°F) - 168h
LSTM L-C Orientation

No Specimen Piece/ Tenp Energy Lat Exp Shear
_Row e — ) (X)
1 114 4D 2 -80 2.0 5 <100
2 98 4B 1 -40 15.0 13 <100
3 102 4C 2 -30 20.0 22 <100
4 91 4B 2 0 24.0 29 <100
5 118 4D 1 0 33.0 29 <100
6 80 4A 1 30 38.0 36 <100
7 82 4A 2 40 40.0 38 <100
8 100 4C 2 80 66.0 53 <100
8 95 4B 1 100 83.0 87 <100
10 175 51 110 72.0 59 <100
11 886 4A 2 200 82.0 70 100
12 76 4A 1 200 86.0 79 100



Cv data
File : UEBAI

2de r
19@
s
|
-
-
o 100
B
.
L Y
Wi
se

g =x==rThl

L
g ’ 8
-

-200
200 }
300 -

Temperature (°F)

Cv = A ¢« B tanh((T =~ To)~C)

English Metric
A= 44,69 60,99
B - 42.07 S7.04
C e 78,97 43.87
To = 36,63 2.9%7

Cu = 30 fr=1b or 41.7 J when T = 7.8 “13.4

F=27



Energy (ft-1b)

Cv data
File : UEBAI

125 r

180 F

7S r

Se r

eS

-200

A A
3 " 8
e -
|

Temperature (°F)

Cu = R +« B tanh((T - To>-C)

English Metric
A = 44,959 60,48
B = 42,18 $7.19
L= 79.26 44,02
To = 36,38 2.42

Cvu = 30 fr=1b or 41,7 J when T = 7.0 «13.%

4 points added at location given by “07 symbol,
4 points at (=100,%

F-28

200 +

jee -



Experiment UB-€8 Upnit B
Code GEB (Side 2) - Postirradiation Annealed 454°C (850°F) - 168h
ASTM L-C Orientation

No Specimen Piece/ Tenp Energy Lat Exp Shear
(*F) (£t~ _(mils) (%)
1 116 4D 1 -80 11.0 12 <100
2 106 4C 1 -85 156.0 15 <100
3 81 4A 1 ~-40 25.0 26 <100
4 93 4B 1 -20 26.0 24 <100
5 87 4A 2 0 34.0 33 <100
6 92 4B 2 20 48.0 36 <100
7 79 4A 1 40 63.0 49 <100
8 120 4D 1 60 63.0 54 <100
9 84 4A 2 100 75.0 68 90
10 109 4C 1 140 92.0 63 98
11 103 4C 2 200 81.0 68 100
12 99 4C 2 200 85.0 65 100



Energy (ft-1b)

Cv data
File : U6BR2

125 p

8@ ¢

208 +
Jee -

A 4
8 > 8
- -
i

-2

Temperature (°F)

Cu = A « B tanhl(T - To)-C)

English Metric

- 46,91 63,60

- 39%.11 $3.02

. 72.7% 4. 42

o - 18.91 -7.27

~“~Ow>®»

Cu = 39 fr=1b or 41,7 J when T = «14.8 -~26.0

F-30



Energy (ft-1b)

128 r

es b

Cv data
File : UBBR2

-

-200

-10e |

g

Temperature (°F)

Cv = A ¢« B tanh(c(T « To)~C)

~“~Ow>D

]

English

44,61
42.17
82.32
13.22

Cv = 30 FL=1b or 41.7 J when T = =16.9%

4 points added
4 points at

at location given by "0

(‘13..3>

F=31

Metric
60,43
87.18
45.73

“10.43

-37.0

symbol,

200 |

Jee -






Ex
Code GEB (Sii
AS

No Specimen Plece/ Tenp Ene
Bow L*E) {
1 2886 D1 ~-40 16,
2 275 C3 -30 17.
3 284 D1 0 26.
4 287 C2 20 33.
5 2986 Dz 40 27.
g 2717 C3 :8 2g.
s 308 B3 80 85
9 269 Cz 110 58.
10 3os D3 160 72
11 257 C1 220 74.
12 316 F3 240 77.
13 322 E2 240 81.
14 328 8F-CMFLY ~-40 4.
15 333 BF-CMFL -20 22.
16 328 BF-CMFL 0 41.
17 322 8F-CMFL 10 45.
18 338 BE-CMFL 40 49.
19 338 BE-CMF, 240 110.
20 334 8F-CMFL 240 112.

& Unless noted

® CMFL = ASTM C-L orientation

F=33

rgy

@ 2) - As-Irradiated Condition
TM L-C Orientations

Lat Ex
Amils

16

Shecar

AX)
<100
<100
<100
<100
<100
<100
<100
<100
<100

99
<100
100
100
<100
<100
<100
<100
<100
100
100



Cv data
File ! UBR-78

12%
180
~
L X
- f
| ?S b ¢
-
-
-
>,
by '
-
5 be1%)
.
2s "
e
a " A | PRSP ——— |
(\v]
“ = - =
K] - - .
lemperature (°*F)
Cv = A + B tanh(<(T - To)7C)
English Metric
A= 44 .62 60, 4%
B = 36.07 48.91
C = 104,37 $7.99%
To = 60.93 20,30
Cv = 30 fet=1b o 41,7 J when T = 23.7 ~4.6

F-34




Energy (f1-1b)

Cv data
File ! UBR-78

128 ¢
1@ }
?S ¢
5o

es r

200 +
jee b

A .
8 8 . 8
k) T -

Temperature (°F)

Cv = A « B tanh((T - To)~C)

Eng) ‘sh Metric
A - 41.32 %6.03
B . 41.97 S6.9%50
C = 130.23 72.3%
To = S7.30 14,08

Cv = 30 fr=~1b or 41.7 J when T = 21.3 ~6.0

4 poinis added at location given by “0° symbel,
4 points at <~-110,%

F=-35



Energy (ft-1b)

Cv data /
File t UBR-78 \CMﬂ)

128 i
% 1%) i
- r
0 |
25
a A A " g
4 ” E 3 b
T o o "
Temperature (°F)
Cv = R + B tanhl<T - To)-C)
English Metric
R = «550.96 -749.71
B = 702.45 9%2.40
C = 423,33 23%.18
To = 514,67 -203.71
Cv = 30 ft=1b or 41.7 J when T = =11.90 -24.4



Cv data
File ¢ UBR?78C

185
180

~

b

| S b

-

“~

A

>

5 e r
25

a i

v .
-

-208
-188 r
a
208 +
jee -

Temperature (*F)

Cv = A + B tanhi(T =~ To)/C)

English Metric
A= 96.13 76.11
B = 98.31 79.06
C = 113,38 62.97
To = 44,08 6.71

Cv = 30 fr=1b or 41.7 J when T = ~10.6 -23.7

4 points added at location given by “0° symbol.
4 points ar (-11%5,%




F-38




code 088 (TN t-2 cendivion

ASTM L-C Orientation®

No Specimen Piece/ Temp Energy Lat Exp Shear
_Row (*F) (£L-1b) LX)
1 261 C1 156 13.0 1 <100
2 285 D1 45 24.0 19 <100
3 205 D2 60 30.0 27 <100
4 281 c3 100 39.0 31 <100
5 306 D3 230 68.0 60 100
6 278 Cc3 230 5.0 69 98
7 34 G6E-CMFIL.® 230 98.0 81 100
8 29 D2 20 12.0 11 <100
9 287 D1 65 24.0 17 <100
10 307 D3 80 29.0 27 <100
11 28% D1 120 45.0 38 <100
12 309 D3 160 £§5.0 <100
13 297 D2 220 68.0 59 100
14 310 D3 260 85.0 55 99
156 348 6E-CMFL® 60 34.0 27 <100
16 344 6E-CM¥FL 1056 52.0 39 <100
17 342 BE-CMFL 240 94.0 69 100
18 346 6E- CMFL 280 91.0 77 100

& Unlese noted
b CMFL = ASTM C-L Orientation



Energy (ft-1b)

Cv data
File § UBE-79

128

L

Temperature (*F)

Cu = AR « B tanh((T =~ To)7C)

English

- 36.33
. 37.67
- 169.81
o= 93.33

~“0Ow >

Cv = 30 fr=1b ¢~ 41,7 J when T = 74,7

Metric
49.2%
s1.07
61.01
34,07

237




Cv data
File ¢! UBR-?7S

1285

180 ¢
s
| -3 .
-
-
§ b1
8

es

Q@

-208 .
200 +
e -

A A
8 " 8
.- -
|

Temperature (*F)

Cvu = A + B tanhi(T = To)sC)

English Metric
A= 37, % 50,84
B - 38.79 48,92
C = 102.81 s?.12
To = 97.24 6,29

Cu = 30 fL=1b or 41.7 J vhen T = 75,4 24,1

4 points added at location given by “0° symbol,
4 points at (-69,9%)







Experiment UB-80 Unit A
Code GEB (Side 2) - As-Irradiated Condition
ASTM L-C Orientationa

No Specimen Piece/ Temp Energy Lat Exp Shear
_Number (*E) (££-1b)  (mils) 1%1

1 uls 8F 0 10.0 <100
2 288 D1 35 14.0 14 <100
3 313 8F3 50 22.0 16 <100
4 320 6E3 60 16.0 12 <100
5 300 D2 80 28.0 22 <100
6 304 D2 100 30.0 29 <100
7 319 6E3 110 34.0 28 <100
8 3 D3 120 29.0 26 <100
9 301 D2 140 41.0 37 <100
10 317 8F3 150 42.0 37 <100
11 299 D2 160 47.0 44 <100
12 290 D1 200 63.0 54 98
13 312 8F3 240 66.0 66 100
14 318 6E3 270 65.0 58 100
16 291 D1 300 63.0 58 100
16 337 BE-CMFL® 220 80.0 69 99
17 329 8F-CMFL 240 87.0 66 100
18 347 6E-CMFL 270 87.0 71 100

& Unless noted
® CMFL = ASTM C-L Orientation




Cv data
File ! UBR-8BO

125 r
180
s
] ?S }
-
- x
- x
-3 e r
i
2s | ik
_______.1r¢nrf//

i
8
~N

-100
e}
102 +

Temperature (°F)

Cv = A ¢ B tanh((T - To)-C)

English Metrig
A= 38.7% 52.9%4
| I 28,99 39%.01
C e 86.59 48.10
Yo = 131.70 $5.39

Cv = 30 fe=1b or 41.7 ) when T = 104.7 40,4

jae
100



Cv data
File t UBR-80

125 ¢

180 b
s
\ 7S b
-
-
A
lg e F

2% ¢

a A

Jee r
100

" A A
3 8 . B 8
~ - - N
| |

Temperature (*°F)

Cv e A + B tanhi(T = Te)sC)

English Metric
R = 35,60 48,27
B - 34,22 46,39
Ce 112.11 62.28
To = 119.39 48,39

Cv = 30 fr=1b or 41,7 J when T = 100.9 38.3

4 points added at location given by ‘07 symbol,
4 points at (-39,%







APPENDIX G

Fracture Toughness Test Results for Unirradiated, Irradiated
and Postirradiation Annealed Conditions




PPN . & 0 050550 580500 0a o amnahonssnsans s desssssssesssessssbns G-3
Unirradiated Condiedon (1/8T). ......ovviiiivnnsnessnnssessnvanes G-5
Irradiated Condition, Expzriment UBR-68......................... G-12
Irradiated (Experiment UBR-68)-Annealed (at 399°C fo- 168 h)

OBIMBEREIM L+« 4« ¢ 0600555050 0508000000808s88rtsnetestssdsssntesesns G-18
Irradiated (Experiment UBR-68)-Annealed (at 454°C for 168 h)

PRI ¢ 5 4300 %505 58 8 ka5 55 K0 44 AT 2R AP E5 b e st F POsE D e shd G-22
Unirradiated Condition Check-Tests. .. .........coiiiiinerrennnnrs G-26
Irradiated Condition, Experiment UBR-78.............0000vurnnii. G-31
Irradiated Condition, Experiment UBR-79............00000our. G-37



Overview

The fracture toughness results provided in this appendix
{nclude those for all of the irradiation experiments and those for the
unirradiated condition at the 1/8T location only (this location is
consistent with that used for the irradiation experiments). A table
summarizing the fracture toughness results {s given for each
condition. All evaluations of the J integral use the modified form of
J, Ju, &s opposed to those formulations specified in ASTM Standards
E od‘ and E 1152. Jy gives the same J values as the ASTM standards
vhen maximum J values (Jy.y) from cleavage fracture tests are used,
and only small changes in J;. values for J-R curve tests,

The transition regime data (K;. ) are plotted and curve-fit to
an exponential function, as given by

‘Jc - A+ B exp(T/C)
with A, B, and C evaluated from non-linear regression analysis. For
the case of the annealed conditions only (with few data points),
coefficlent "A* was assigned a value of zero to improve the fitting
results. The dashed lines given on each plot represent upper and
lower bound curves at a 954 confidence level.

Lastly, for each condition, a summary sheet is provided for
each test which resulted in a J-R curve. These summary sheets include
a graphical plot of the J-R curve data, reference information for the
test, and evaluation of the data using pover lav and linear curve-
fitting methodologles. For the power law analyses, the data given
under *MEA power law" utilize a user-defined range of data points in
the power law curve fit; J,.  1is defined as the intersection of this
power law curve with the 8.15 mn exclusion line., The “E 813-87*
results are from an analysis using thet ASTM standard, wvhereby J, is
defined as the intersection of the power lav curve with a {ine
parallel to the blunting line but offset by 0.2 mm. In general, the
"E 813.87" values of J;  are higher than the "MEA power law" values of

dge-

The linear curve fit analyses are based upon ASTM Standard
E 813-81. Specifically, values given under "E 813-81" are from a
strict interpretation of that standard, whereas values given under
*All Data® are from an analysis using all data points between the
0.15 mm and 1.5 mm exclusion lines. For both linear analyses, Jic 1
defined as the intersection of the linear curve with the ASTM blunting
line (J = 2 o4 Aa, vith oy the ° * strength).

For all four J-R curve lyses (and for cleavage fracture
tests as well), K, values are ev.. .ated from:

2
lJc - JJIC , B/(Y - ¥7)



where E is the value of Young's modulus at the test temperature and »
is Polsson's ratio (0.3). For cleavage fracture tests, J at fracture
(1.e., Jyuy) 18 used in place of Jie: (K‘c values are calculated for
cleavage fracture tests, as {n Ref. &-1.)

Tovg Values are average values of tearing modulus, T, as given
by the oqu’tlon

T -5 &

0!2 da

For the linear analyses, dJ/da is taken to be the slope of the line.

For the powver law analyses, dJ/da 1is given from a closed form

solution (see Appendix H of Reference G-2), as an average slope
between the exclusion lines.

In the attached tables, values of Jie and K; . referred to as "ASTN"
are from an ASTM E 81381 analysis uofn. Jy (for J-R curve tests); for
cleavage fracture tests, Ky. values are actually Kq values using the
procedures in ASTM standard i 399,

REFERENCES
G-1. A. L. Hiser, “Correlation of ¢ and ‘u/“.; Transition
Temperature Increases Due to Yrudutlm. mec Report

NUREG/CR-4395, Nov. 1985.

G-2. A. L. Higer, F. J. Loss and B. H. Menke, *J-R Curve
Characterization of Irradiated Low Upper Shelf Welds," USNRC
Report NUREG/ZR-3506, Apr. 1984,







Table C~1 Fracture Touglmess Results for Code GEB (Side 2), Unirradiated Condition

a b < i
s:;.‘- t.-?;.n (al), -y ba, La,—ta, J1e Kie Cae tq %¢ %
A ASTY A ASTM A

o ©n (= (am) () (/ed) (/e OPaE) (OPeE) (PaE) P2 OPw)
R4  -160 220 0.50% 4 8.9 — 6.0 455 &4 — M9 032
CERZ-AI3  ~118 180 0.508 %0 ——— 7.2 653 6l.é — 7.0 el
GEB2-#b -0 -1% 0.502 — — —— Wl — 9.8 0.1 648  — 6959 6253
CER2-AIS <76 -105 0.509 %.2 — 9.7 526 638 — 6765 605.7
CEB2-A2 -8 - 0.517 67.8 —— 1254 W6 T29 — 458 595.0
CERZ-Ale A7 -0 0.515 6.7 —— 1215 0.8 M9 — 517 5807
GEB2-Al -~ % 0.502 1216 —— 1675 6.4 798 — 6383  sel.1
CEB2-A3 % - 0.516 165.7 ——  195.3 W3 8.4 — 6244 SS9
GERZ-AS®  -18 0 0.509 137.4  118.1 773 1644 — — 0.0 S350
cem2-a18®* 65 150 0.525 .05 502 0.3 129.2 1wt 100 w88 — » 8.6 3.0
cERZ-AIT* 17 1™ 0.522 5.5 6.9 0% si.e m0.4f 130 120 — 15 s 42002
CERZ-AI6® 288 3% 0.514 6.09 606 0.05 s uest  1%.9 1522 — % 536.4  439.5
2 Precest v © Crack growth predicted ¢ Cleavage failure precluded :tu.--un:l

easured crack growth by compliance determination of this quamtity ° Valid J;_, per ASDM £ 813-81



TEMPERATURE (*F)

208 ~150 -100
1

250 T :
Code GEB (Side 2) |
.r Unirradiated Condition
= 150
5 ]
5@ -
o L 1 | - ]
~150@ -12% -89 -75 -50 =29 2
TEMPERATURE (*C)
Kjc = A + B explT/0)
Mot nalish
A= Y L 04
= 221.00 292.8%
C = 46.9 84,41
Upper Bound X = 100 when Tenp = ~06 1233

Ave, & = 180 when Temp

-78 =109

Lover Bound K = 100 when Temp » =71 -9

cee

120

4@

Kje (ksi¥in.)



J Modified (kI /me)

Crack Extension C(in,)
(%) .0z2a .040 .62 . 080

i O b SPEC{P‘N u.!"ﬁs

- 2500
400 |-

- 2000
300 |-

nc.'t.-::v1.|°1't y 71500
200 |- / ! -
rﬂtLu.t/YY't .
" SR
. 0.5 e " 7.0 2.8

Crack Extension (mm)

JEST SPECIMEN DATA

Test Temperature = ~18°C

Percent Side Groove = 20%

Specimen Thickness = 12.7 »»

Inttia) Crack Length = 12,99 an Init a/n = 589
Flow Stress « 607 WP,

Youngs Modulus = 200200 MPa CEstimated Value)
POMER LAW DATA J = ¢ (R!fg ;;'

Jie - ’ . l".‘ !Sroi
Kje = 177,32 WPa/R 189.8 nPa/w
Exponent N .- 607 6317
Coefficient ¢ = 17,4 k)ont 7.4 W )ont

mmum_;%ﬁ};» 1en qmm» :
) m

Jie « 1

Kje - 1644 nnn 164.4 MPaw
Slope L] - 214%544.3 k) 214%44,.3 v )ow?
Intercept B - 97,3 k)t 7.3 k)omt
Validity (EB13-81) - VALID

Valigity (ERi13-a7) - VALLID

Validity CEV1%2-87) = VALID

J maxinum alloved * 377.6 viomt (JuaxeBeFlow stress 20
Delta & max. allowed = 1.2% a» (Delta & max = 0, 1%00)
Final Pelra » = 1.5 w»

Potsson's Ratio (vw) = .3

FPoints Lef -0 Foints Right = @

J Modifiea C(in-1b-1nd)



J Modified (kI/m)

Crack Extension (in,)

o . 050 . 100 . 150 200 250
SPCEIMEN Ggit-ﬂl.
- S000
8ve ‘:
|
600 L
.
3
400 -
-
[ FAILURE TYPE € 3
200 / (IR curve » 1.5 »m) 1000 ™
MEA & ASTH ANALYEIS APPLICABLE
@ A 1 .| | -
1.9 3.0 4.5 6.0 7.?
Crack Extension (mm)
TEST SPEC'NEN DATA
Test Temperature « §%°C
Percent Side Groove = 20%
Specimen Thickness = 12.7 »»
Intta) Crack Length = 13,36 mn Infy arM = 928
Final Crack Length = 19,41 »» Final a'k = 734
Flow Stress « 538.6 WPy
Youngs Modulus « 2033500 MPa (Estimated Value

Jie

A

- .
Kje * I7T9 NPa/S 180,.1 MPa/w
J ()18, B . 482 w)omt
Exponent 2] - 53%2 S84
Coafficienmt € . 2%59.2 viset 290,98 w)omt
T (average) - 9 "
LEAST SQUARE L INEAR Llsa (Eilnz J = K (De! )
Jie ’ i :!'.; !;/.l
Kje 163.7 WPam 168.90 MPa/w
$\ope - 1452791 w)re? 139283.% k)om?
Intercept B 103.7 x)ont 110.9% k) wid
T (ASTM) 102 b1
Valigiwy C(ERI3-8 1 VALLID

velidity <€
valigivy <E

J maxinus alloved
Pilva & max, allowed
Fina) Delrta »
Poilsson’'s Ratie (v

Points Lefr

8l13-8?)
11%2-87

INVARLID=~¢ (.33 mn us .27 =)
INVALLID==3 (.33 wn vs .18 an)

324,10 k)owd Clnax=BeFlow stress 20
1.2 =n (Delva & max = B, 100
$.72 mn

.’

“ Points Right = 2



J Modified (k]/m2)

vrachk Extension

\

Cin,)

Crack Extension (mm)

TEST SPECINEN DPATA

Test Temperature
Percent Side Groove
Specimen Thickness
Inttial Crack Length
Fina! Crack Length
Flow Stress

Y s Modulus
PONER LAW DATA _J = ¢«

Jie

K

J (0)Teg. W)
Exponent u
Coefficioem

T Caverage

-
-

177eC

0%

‘,o’ L)

"n“ LL]

19.79% o

504.95 NPy

197100 H:O
|

822
77

Iniy aN =
Fina) a'l =

(Estimated Value)

-
523 MPa/w 192.9 WPa/s
393.2 k)snt
673 6113
217.4 klrmt 222.1 wlswt
s 187

um.umn_um__uw 1am W e o
Jie mi - Y

Kje “ 132 WPa/l 132 WP/
Slope . 1A7942.3 k)re? 147842, wJrm?
Intercept l - 68.6 k)ad €0.6 k) b
T (ASTM) - 114 114
Valigity (ER13-81) = VALID
Validivy C(ERI3-8T) & INVALID==¢ (.34 mn vs .27 #»)
V.H“\y "“"'.,) . lNV“l"'l. ’ (". L L R o‘. LT
J maxinue allowed . 306 hismt (JnaxeBeFlow stress 20
Delta & max, alloved = 1,21 me (Delta & max = @, 1%bo>
Final Delta a - 6,18
Poisson’s Ratio (v) = .3
Points Left .4 Points Right = 2

G=1v

L0%0 100 150 200 .2%0
"CFIN(N GEBZ2-A1? ' J /-'
- 4000
- 3000
- 2000
FRAILLRE TYPE C

(IR curve » 1.9 mm) -~ 1008

MEA L ASTM ANALYEIS APPLICABLE

1 1 1
3.0 4.9 6.0 7.?

J Modified (1n-1b 1nd)



Crack Exte.  .ton (in,)
(%) .50 . 100 . 15@ 200 250

600
SPECIMEN GEB2Z-AIB ' by
- 3000
S0 M | :
~
- | 2see £
T oo} .
x f 2000
HEELIS l d
- 15ee ¢
- -
3 200 -
1000 ¢
) FAILURE TYFL C
I (IR curve » 1.5 s} [
|20 MEA b ASTH ANALYSIS APPLICABLE - 500

i 1 1 1
0 1.9 3.0 4.5 6.0 7.?
Crack Extension (mm)

T 8P TR
Test Temperature = 288°C
Percent Side Groove = 20%
Specimen Thickrness = 12.7 »»
Inftial Crack Length = 13,07 »n» Intt asd = ,S14
Final Crack Length = 19,16 »» Final a W = 794
Flow Stress = 536.4 NPy
Youngs Modulus = 190800 MPa (Estimated Value)
POMER LAM DATA J = C ¢ bA

g‘* gi;if '.! "|i-!?

Iie - . ‘. " mi
Kje = 156.9 "Pam 162.4 MWPa/R
J (8l TeR . W) « 331 k)/md
Coefficiemt € = 199.8 kiowi 201,11 k) wd
T Caverage) - %6

.
muzm%ﬁ ™) e n «nnm» .
Jie . me - ™

Kje = 1%2.2 WPa/S 192.2 WPa/w
Slope L] . 992447 KJow? 992447 KIm?
Intercept B . 100,93 k)ra? 100,3 k)rwt

T (ASTM) . £6 (13

Validity (ESI3-81) * VALID

Validivy (ESL13-87) * INVALID-~b

Valigivy (E1192-87) = INVALID--2

J maxinus alloved - 330.9% kloat (Jumax=®sFlow stress 20
Delta & max, alloved = 1,23 »» tDe'ta & max = 8, 1000
Fina) Delta a - 6.0% m»

Polsson’s Ratieo (v) = .3

Points Lefr B

e Points Right = |
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£ I=D

Table G-2 mwmumtuz).twu(mw-ﬂ)

k] » <
Sociem _ Tex (a0l T e, e e Tex %t Y
WA, ASTM  MEA ASTM A

o n (- (e ) (/) (J/el) OPaE) (OReR) (ORa@) O®a) ()
cemz-a20 -0 -112 0.53 4 1.1 — 61.3 ST.4 S2.6 —  T19.7  6%.9
CERI-AZY % -8 0.516 8.1 — 4.7 65.2 5.2 2 — 6809 sl
CERZ-AZS <35 -M 0.528 9.4 —— 82.3 9.9 0.1 2 — 6632 9.7
ER-A2 <25 -1} 0.490 bk — 8.7 717 0.8 —  652.2 S88.4
CER2-AM -8 0 0.513 758 — 1317 612 Tie o~ 6T 5807
GEB2-A0 -5 o 0.516 107.5  — 156.6 0.6 777 —  63.6 561.2
GEB2-A19 0 em 0.5% 7] — 163.4 S51.5 8.6 —  626.8  362.2
GEB2-AM @ el 0.509 5.97 S 0.8 9.1 9.1* 177.0 1483 ~—— 13 93.1  526.2
cen2-a7f 177 3% 0.511 5.35 6.3 001 106.7 107.3° 152.0 152.5 — 62 542.2  65.9
cER2-49" M 5% 0.501 7.40  6.8%5 ~0.55 100.6 98.1° 145.0 1436 — “ ST 852
"Pretest o/¥ § Crack growth predicred by compliance § Valid Jp., per ASDM E 813-81
Peasurad crack groweh Clesvage failure precluded determi- Side groowed by 201

nation of this guamtity



TEMPERATURE (*F)

~12§ =75 -25 25
a0 . A o :
Code GEB (Side 2)
IS8 |rradiated (UBR-68)
-
£ 1®r 98
2
s
Y]
0 " -
-
— - Ja
9 L L 1 " o
-0 -39 -60 -49 -20 2
TEMPERATURE (*C)
Kje = A+ B expiTiD
A e W
= 136,20 123,98
Cs 2.7 Té. Y
Upper Bound K = 100 whern Temp = =37 -39
Rug, K = 100 uhen Tesp = -0 -23
Lower Boung ¥ & 100 when Tesp = -3¢ i1



J Modified (kJI/me)

Crack Extension (in,)

",.l . 0%0 . 100 . 150 200 690
1 1 1 700
SPECIMEN GEB2-A3E "e
-1 5000
|00
- S000
750
~{ 4000
<Pa - 3000
_guun TYyet C “{ 2020
25e (IR curve » 1.9 »m)
MEA & ASTM ANALYEIS APPLICABLY .| |ap@
Q . 1 1 1
‘Os ’la ‘.s ‘l° 7.?
Crack Extension (mm)
JEST SPECIMEN DATA
Test Temperature = 40°C
Percent Side Troove = 0%
Specimen Thickness = 12.7 »»
Infvial Crack Length = 12,93 an Init ar = 509
Fina! Crack Length * 18,86 »» Final a'W = 742
Flow Stress « 5%3.1 mPa
" 204300 MR, (Estimated Value)

Voun;s Modulus
.

.
: o~
.
—
\ 13
ks

e
. e

Jie

KJe .« 177 MPASE 199.3 mPaw

J 0l T8 . 872,44 K)ot

Exponent ~ - 478% 6968
Coefficienmt = 338.6 v)oat 42 v )omb

T Caverage) - |33 138
um_xmumliﬁ 1) 4 e M (Delre a) o

". . - ’.. . ".‘

Kje * 197.0 nPa/w 148.3 MPas
Slope L » 243447.% k)ow? 262118.9% v oW
Invercepr B - B7.0 w)oet 78,1 k) nt

T (ASTH) . 142 1%

Yalidivy CERLID3-81) « VALID

Validivy k81387 * INVALID=¢ (. 48 mn vs .29 sm)
Valigity (ELIS2-87) » INVALID-=3 (. 48 an vs .10 an)

J saxinus alloved K k)owt ClnaxsBeflow srress 0
Delta & max, allovesd - R T (Delta a sax = 2, 1010
Fina) Delra & -n

Poisson's Ratio ()

Points Lefr » Pointy Right = 3

G153

J Mcadi1fired ¢ |ﬂ-|b/lnz)



J tlodified (kJ/me)

Crack Extension (in,)

%] . 050 , 100 . 150 .200 250
’%0 E | | I I
SPECIMEN GEB2 -H7
600 ' ’
h 1
*
450 ey
300 -
FAILURE TYPE C
ise (J-R curve > 1.% mm)
MEA Lk ASTM ANAL YSIS APFLICABLE
0 i L | 1
1.9 3.0 4.5 6.0
Crack Extension (mm)
TEST SPECIMEN DRTA

Test Temperature
Percent Side Groove
Specimen Thickness
Inttial Crack Length
Final Crack Length
Flow Stress

Youngs Modulus

POWER LAW DATA J = C

Jie

Kje

J (0)/T=8.8)
Exponent M
Coefficient C
T C(average)

= |77°C
= 20%
= 12.7 mm
- 120.3 mm lni' ./“ - .3.5
= 19,18 nmm Fina) a7H = 758
= 542.2 MPa
= 97100 Mla CEstimat~d Value)
(Delta a)N
Ei; ngir k;! 13-87
= 186.7 k)/m 119.7 kJ/m?
= 152 MPa/w 161 MPa/®
*« 3%@ kJ/m?
- .“5 o..l.“
- t’? 4 k)l/n? 196.1 kJ)/n?
- %9

LEAST SQUARE LINEAR (A TH) J = M (Delt ) o+
*"*tl flll-!
Jie m 1u?.3 k) md

.
Kje - 892 S HP.JI 1952.9 MPa/R
Slope M “« 91687.1 kJ/wd 91687.1 kJ/m?
Intercept B = 98.3 k)/wt 98.3 k) /nt
T (ASTM) ~ 62 62
Validity (EB13-81) = VALID
Validivy (ER13-87) = VALID
Validity C(EL1192-87) = VALID
S maximum allowed * 340.6 kJ)/mi? (Jmax BeFlow stress 20
Delta a max., allnved = 1,235 om (Delta a max = @.1ebe)
Final Nelta a * 6,32 mn
Potsson’s Ratio (u) = .3
Points Left -2 Points Right = 2

7.8

1000

3000

2000

1000

J Modified Cin-1b-1n2)



J Modified (kJ/m2)

Crack Extension (in,)

%) . 050 . 108 . 150 200 .250
750 E | I 1 |
SPECIMEN GEB2-A3 d s
6500 ‘ ,
t ! *» - 3000
.
450 - : ! * "
| .’
! 2000
300 —uf t
FAILURE TYPF C
158 t ! (J-R curve > 1.5 mm) -] 1eed
MEAR L AST™M ANALYSEIS APPLICABLE
: |
e i 1 8 |
(%] }. S 3.0 4.5 6.0 7.?

Crack Extension (mm:

TEST SPECIMEN DATA

Test Tewperature = 288°C
Percent Side Groove = 20%
Specimen Thickness = 12.7 mm
Initial Crack Length = 12,73 mm
Fina)l Crack Length = 20.13 mm
Flow Stress = 574.1 MPa
Youngs Modulus v 190800 MPa
POMER L DATA J = C (Delta adM
HEE ggu r Lav
Jie = 100.4 kJ)/m
Kje = 1495 MPa/®
J (8)/T=8.8) = 300.9% kJ/m?
Exponent N = ,3973
Coefficient € = 177 k)/n
T Caverage) = 44

Intt AW =
Final

. 501
a’‘l =

o2

(Estimated Value)

EB13-87
110.7 k) /m2
152.3 MPa/R
.38

17%.2 i.’/l.
a2

LEAST SQUARE L INEAR LINE CASIN) J o B CBelna g2 s
| Dat 13-8
Jie 88,1 kJ/m2? :!.i ki me

Kje

Slope M
Intercepr B

T (ASTH)

Validity (EB13-81)
Validitv (EB13-87)
validi , (E11%2-87)

J maximum allowed
Delta & wmax, a)llowed
Final Delta a
Poisson’s Ratio (v
Points Left

143.4 MPa/R
814%2.4 kJ/md
91.2 kl/m?

47

VALID

143.4 MPa ™

B14%52,4 ) . ?

91.2 k)md
a7

INVALID=~¢c ¢.%5 mm vs .25 mm)

INVALID-~3 (,5%

363.6 k) m?
1.27 mm
6.39% mm

3

me Us .19 am)
Imax=BsFlow st
(Delta a max =

] Points Right = 2

G=17

)
o)

J Modified (1n-1b 1n2)



adiated (Experiment -68

Annealed (at 399°C for 168 h)



61-9

Table G-3 Fracture Toughnes ‘esults for Code GEB (Side 2), IA Conditi~a
(Irradiated Exper . at UBR-68, Annealed at 399°C for 168 h)

Spec imen Test (a/\l)o_‘ u." “pc up—a.\ I1e ‘Jc l‘__ T-' 9 9y
Number Temperature
MEA AS™ MEA AST™ MEA
o () (mm) (mm) (/ed) (J/ed) (ea@) (Pa/@) (Pald) (MPa)  (MPa)

CER2-A2T 4 -80 ~i12 0.520 4 23.8 —— 745 56.9 58.0 —  686.0 623.2
GE‘I-AII -'57 ‘71 0-512 5507 S—— l1305 "9.9 ”-7 _— 655.8 m07
GEB2-A26 -50 -58 0.312 75.0 —_— 131.6 49.2 73.6 -— 647.2 584.0
GEB2-A32 -34 -29 0.522 4l.2 — 97.4 51.6 63.3 - 628.4 564.9
GEB2-A33 -18 0 0.507 137.4 _— 117.4 49.6 79.8 — 611.0 547.0
GEB2-A3S 0 +32 J.528 129.7 — 171.9 50.9 77.2 _ 593.1 528.5
GEB2-AI0® 177 X 0.506 —f 75 —f 133.5  129.58 170.0 167.5 - 39 08.5  432.2
; Pretest a/W 4 Cleavage failure precluded deter— € valid J;., per ASM E 813-81

Measured crack growth mirztion of this quancity
© Crack growth predicted * 2ide grooved by 202

by compliance £ Cannot be determined



TEMPERATURE (*F)

-200 -108 ) 100
250 T T T T
Code GEB (Side 2) 4 200
208 - IA Condition
(UBR-68, 399 C/168 n)
- 150
- 150
:
-1
o 100 "
5@ - 5@
2 L 1 -9
-150 -199 -50 50
TEMPERATURE (*C)
Kjc = B & exp(TsC)
Metric nglish
B = 180,10 163,
C = 106,84 192.32
Upper Bound K = 100 when Temp = ~-96 ~14]
Ave, K = (@0 when Temp = -63 -81
Lower Bound K = 130 when Temp = -4% ~49

G=20

Kjc (ksi¥in)



T ~-~dified kI/md)

Crack Extension (in,)
%) . 050 , 100 . 150 4% 1% 250

800 o ] ' :
SPECIMEN GEBZ-A1©
4900
coeoe
3000
400
2000
200 FAILURE TYPE C
’ (J-R curve > 1.% mm) - 1008
MEA L ASTM ANALYSIS APPLICABLE
1) k | | 1
2 1.9 3.0 4.7 5.0 7.§,

Crack Extensi-n (mm)

TEST SFEQ'NQN DATA
ateria ype R-33% Forging

-
Test Temperature = |?77°C
Percent Side Groove = 20%
Specimen Thickness = 12.7 mm
Initial Crack Length = 12,87 nm Inft asH = ,506
Flow Stress = %508.% MPa
Youngs Modulus = 197100 MPa (Estimated Value)
POWER LAMW DATA J = C <Delt N

Hig §ou§r ;au EB13-87

Jie = 133.% kJ/m 143.3 k)l /m?
Kje = |70 MPa/® 176.2 MPa/R
J (9)/T=8,.8) = 489.6 kJ/m?
Exponent N - 4717 4709
Coefficient C = 241.8 kJ/m? 237.4 k) mt

T Caverage) 89 87

-
LEAST SOQUARE LINEAR LINE (ASTM> J = M (Delta ;) + B
9 R

{l -g :,/I’ i b..

Jie -

Kjc = |A7.%5 MPa/R 167.% MPa/R
Slope L] = 1199%50.7 kJ)/md 1199%%0.7 kJsm?
Intecept B = 114,88 k) m? 114, 8 k) /n?

T (ASTM) - 88 88

Validity (EB13-81) = VALID

Validity (EB13-87) ® VALID

Validity (E11%2-87) = VALID

J maximum a)llowed " 318.9% kJ/m? (IJmax=BeFlou stress 20
Delta a max., alloved = 1,29 mm (De'ta a max = 0,1%b0)
Final Delta a = 6.77 mn

Poissen’'s Ratieo ww) = .3

Points Left - | Points dight = 2

G=21

J Modi1fied (1n-lb/|na)



‘Experiment UBR-68)

for 168 h)




re precluded

£ this quantCity




TEMPERRIURE (*F)
208 -156 -1 00

——

N [ AT | T
Code GEB (Side 2)

o |IA Condition
~ (UBR-68, 454 C/168 h)




Crack Extension (in.,)

%) 050 ., 100 . 150 .200 250

750 A T T T T
“ 600 I~ ‘ I ég
N l - 3000 <
3 \
§ { 5
x 450 : L
) -
© g’ 2000 o
- Q
< 300 o
3 / :
- f FAILURE TYPE C - 1000 £

150 } (J°R curve > 1.5 nn) -

MEA L ASTM ANALYSIS APPLICABLE

2 k 1 L |
%) 1.9 3.0 4.5 6.0 ?.g
Crack Extension (mm)

TEST SPECIMEN DATA

Test Temperature = | 77¢0
Percent Side Groove = 20%
Specimen Thickness = 12.7 mm
Initial Crack Length = 13,75 mm Intt ard = .54}
Fina! Crack Length = 20,03 mm Final! a’W = ,788
Flow Stress = 490.2 MPa
Youngs Modulus = 197100 MPa (Estimated Yalue>
POWER LAW DATA J = C (Delta adN
ﬂgﬂ soucr Lavw E%lJ-O?
Jie = 123.7 kJ/m 136 kJ/m
Kje = 163,.7 MPa/® 171.6 MPa/R
J (8)/T=8,8) = 399.6 kJ/m?
Exponent N = ,4473 .43%2
Coefficient C = 219.1 kJ/m? 217.4 kJ/m?
T (aver age) = 83 80

LEAST SQUARE LINEAR LINE (ASTM) J = M (Delta a) ¢ B
i

-?5%9 :J/-l ng%%:%}7n3

Jie

Kje 161.3 MPa/® 161.3 MPa/R
Slope M 1019%5.6 kJ/m? 10195%.6 kJ/m?
Intercept B 107.7 k)l /w2 107.7 k) m?

T CASTH) 84 84

Validity C(EBL13-81) YALID

Validity (EB13-87) VALID

INVALID==3 (.22 mm vs 17 mm)
20%.2 kJ)/m? (Imax=BsFlow stress 20

validit . CE11%2-87)
J maximm alloved

Delta a max, alloved 1.16 mm (Delta a max = @,1%bo)
Final Zelta a 6.0% mm
reo1sson’s Ratio (v 3

Points Left

@ Points Right = 2
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h.‘J-"—- . M O i TS
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A . G=26




{T=9

Table G-5 Fracture Toughness Results for Code GEB (Side 2), Unirradiated Conditiom (Check-Tests)

b c

Sp-cimen Test (ar) * aa ta, sa,-sa, Jye Ko Kge To ¢ 9
Nurber Temperature
MEA  ASTM MEA  ASTM MEA

o " ()  (am) ()  (J/ed) (J/ad) (@) (Pa@) (MPalE) (MPa)  (WPa)
GER2-8EA  -i07 -160 0.507 4 6.5 —— 76.1  S5.1  60.7 — 7209 650.6
GEB2-8ES 73  -100 0.509 63.8 —— 121.8 49.7 Ti.4 —_— 672.64 60L1.7
GEB2-8CH 3 38 0.517 6.06 4.76 -1.30 22.1  130.1 23.9 1.4 2 — 157 $%62.2 483.8
GEB2-8CS® 177 350 0.25% 4.18 3.78 -0.40 109.4 108.3 153.9 153.2 — 83 S04.5  420.2
CER2-8E6® 137 350 0.515 6.71  5.66 -1.15 136.0 137.7 171.6 172.7 — 87 504.5  420.2
* Pretest a/W € Crack growth predicted 9 Cleavage failure precluded determination of this quantity

> Meawred crack by compliance € Side grooved by 202



12009

FRILURE TYPE
;' S Irve » ].' LR

MEA L ASTM ANALYBIS APPL

SPECIMEN DATA

T

L

tmperature
-

1ge Gr




7 Modified (kJ/me)

Crack Extension (in.)

(%} .05 9.10 2.15
750 T T T T T T T
SPECIMEN GEB2-8CS 4 4000
h / “&
I: <4 3000 <
! ; 2
450 |- / L
2000 o
300 |- !
o
FALLURE TYPE C 4 1000 £
150 / (J°R curve » 1.5 mm) -
MEA L ASTM ANALYSIS APPLICABLE
2 4 1 1 |
2.0 3.0 4.0 5.3

Crack Extension (mm)

TEST SPECIMEN DATA
Test Temperature = |77¢C
Percent Side Groove = 20%
Specimen Thickness @ 12,7 mm
Inftial Crack Length = 16,67 am Init a’Wd = ,656
Fina) Crack Length = 20.85 mm Final a’W = .82
Flow Stress = 504.5 MPa
Youngs Modulus « 197100 MPa (Estimated Value)
POMER LAW DATA J = C (Del N
i!; !E:gr k.s !!1!-!7

Jie = 109.4 kJ/m 121.2 kJ/m?
Kje = 153.9 HPaA/W 162 MPa/®
J ()/T=8,.R) > 461.1 kJ/m2
Exponent N = 4902 L4902
Coefficient C = 211.3 kJsnt 211.3 kJ/m¥
T C(average) - 83 83

ASY AR NEAR NE (ASTM) J = M (Delt > 4 i
Jie - . /mi :!!.: kJ /me
Kje * 153.2 MPaASR 193.2 MPa/R
Slope M - 10€76%.2 kJ/mwd 190676%5.3 kJi/md
Intercept B * 96,8 kJ/nt 96.8 kJ/nt
T CASTM) - 83 83
Validity (EB13-81) - VYALID
va'idity (EB13-87) * INVALID==c (.39 mm vs .27 mm)
validity (E1192-87) = INVALID--3 (.39 am us e TS
J maximum allowed = 220 k)/mi? (Jmax=BsFlow stress 20)
Delta & max, allowed = .87 mm (Delta a mar = 0,.1%b0)
Final Delta a = 3,78 mn
Poisson’s Ratio (v) = .3
Points Left -9 Points Right = @

G-29




(kJ/m€)

Modified

T
v

Crack Extension (in,)

. 050 . 100 . 1509 , 200
B N | S . T

SPECIMEN GEB2-BES

FRILURE TYPE C
(J*R curve »

MEA L ASTM ANALYSBIS APPLICABLE

l |
1.0 4.5

~rack Extension (mm)

TEST SPECIMEN DATA

Test Temperature 177¢C

Percent Side Groove 20

Specimen Thickness 12.7 mm

Inftial Crack Lengt) 13.09 m»

Final Crack Length 19.8 an

Flow Stress 504.95 MPa

roungs Modulus 197100 MPa

PONER LAW DATA J > Delta aN
MERA Power L au EBL3-87
136 kJ/ 8 148,6 kJ mi
171.6 MPa/R 179.4 MPa/R
19%.1 k) /nt
4568 . 4%G8
240.4 k)t 240.4 k)
" a9

SQURRE LINEAR L INE ASTM A A 4

11 Data ERL3-9
137, kl /nt 137.7
172.7 MPa/R
111621.2 &)

Intercept 122.9 k)/nt

T (ASTM) 87

Yalidity (EB13-81) IMVALID

Yalidity (EB13-87) INVALILID

Validivy E11%2-87) INVALIE

J maxinum a)lowved 110.3 &)

Delta a max, allowed 1,23 m»

Fina) Belta a S.66 mn

FPolsson’s Ratio () . 3

Points Lefr &

g 1% %)

3

(in=-1b~1n*<)

J Modifired




Irradiated Condition, Experiment UBR-78




Table G6 Fracture Touginess Results fo. Code =B (Side 2), Irradiated Condition (Experiment UBR-78)

(arw) » » - 3
. e e e e
MEA AST™

" (am)  (am) (mm) (/e (kI/wd)

5.0

21.8

29.2

2.4

51.9

62.5

101.9

162.3

7.33 6.61 -0.72 i21.8

5.55 5.63 +0.08 86.9

‘cx--..mn:.ma:«- :MM”M

aination of this quantity
T Valid Ky, per ASTM E 399
'M“mo.l!’-n:lutcbdmdw

Valid J; , per ASTM E 813-81




TEMPERATURE (*F)

-15@ -100 -50
m : ' ; ‘ 4175
Code GEB (Side 2) /
Irradiated ‘UBR~78) -1 150
150 -
/. <125
- A/
- 4 180
i; 108 - ~ F
o — - -~
- a L -17S
x 5 -
e -—
50 - - 3@
<25
3} A ! | L 1 )
-1 -10@ -89 -6 -4 -28 2
TEMPERATURE (*C)

Upper Bound ¥ = 109 when Temp

Kjc = A + B expl(TsC)

Metri ng!ish
A= . e
P = 198,79 178,14
C = 27.90 43.60
s -9 “74
Ave, ¥ = 100 when Temp = <49 -9%6
100 when Temp = ~4) ~42

Lower Bound K =

ch (ksi¥in.)



J Modified (hI/m2)

Crack Extension (in,)

%) 0.es 0.10 0.15 0.20 2.25
300 T T — : v
SPECIMEN Guz-exj:///r
; - - 2508
400 »
-
* - 2000
-
300
Cleavage
nstability -] 1568
200
- 1000
FRAILURE TYPE B
1900 l J J=R curve doee not reach 4 sea
' the 1.5 o exclusion | ins
) i 1 1 1
1.5 3.0 4.5 6.0 7.?
Crack Extension (mm)
TESY sp MEN DATA
Test Tewmperature = @°C
Percent Side Groove = @%
Specimen Thickness = (2.7 »»
Inftial Crack Length = 12,83 mm Init asW = ,%@%
Flow Stress = £64.2 MPa
Youngs Modulus " 207200 MPa (Estimated Value)

POMER LAW DATA

Jie
Kje

Exponent N
Coefficient C

LEAST SQUARE L INEAR

Jie

Kje

€lope M
Intercept B
Validity (EB13-81)
Validity (E@13-87)
Validity (E11%2-87)
J maxinum alloved
Delta & max., allowed
Final Delta a
Polsson's Ratio (v)
Points Left

LINE C(ASTM) J = M (Pelta a) +
] 1
yi h;/n; l‘l.i k) mi

J = C (Deltr )N
H!; ;Eg;r b!u
- «3 klm

= 192.2 MPa/®

3988
271.7 kismd

13-87
173.9% k)/m?
198.8 MPa/R

3988
2":‘ IJ/..

G=34

-

= @ MPa/w 203.% MPa/R

=0 kl/wd 2.7 kl7md

= 0 k) nt 181.8 k)/nt

- !NV.L""..

. lNV.Ll"‘".'

s INVALID~-~2

" 417,93 kl/nt CImax=RoFlow strese 20
= 1,26 m» (Delta a max = @,10%0)
= £.07 an

. .3

. 2 Points Right = @

J Modified (1n-1b-1n2)



2

(kJ/m<)

Modif ied

T
-

Crack Extension (in,)

0.05 0.10 .15 8.2

e e . —— M——
SPECIMEN GEBZ2-8BRAY

FRILURE TYPE C

(.Y;E C:J'-. » \.Sirm\

- i
3.9 4.5

Crack Extension (mm)

TEST SPECIMEN DRTA

Tesi: Temperature

Percent Side

Specimen Thi

Intvial Lengt! i "

Final ra . 1 m»

Flovw Stress 4 & MPa

Y ings Modulus 197100 MPa

IHER LAW DATA Delva a)n
MER ﬁ“,', La
121.8 kl/m®

4d MFa/%

il

.
v

A A
EBl13-81
1}‘,¥b‘mi
1%7.3 MPa/S

slope M : 102427.1 kJ/m?

Intercer . k)/nl

T CASTA

‘:)»10

validit

Validit

] maximum

Delta a max, all

Final Delta »

Poisson' s Rar

Points Left

MEA L ASTM ANALYSBIS APPLICABLE

1n-lb—\n2"

(

Modi1fired

»
J




J Modified (kJ/m2)

Crack Extension (in,)

See T T
SPECIMEN GEB2-8BS

400
300
200

a
{
{
!
f

FRILURE TYPE C
(J=R curve > 1.5 mm)

| | |

2 0.05 e.10 0.15 0.20 0.25
T !

MER b ASTM ANALYSIS APPLICABLE

%) 1.8 3.0 4.9 6.0
Crack Extension (mm)

TEST sp MEN TA

Test Temperature = 288°C
Percent Side Groove = 20%
Specimen Thickness = 12.7 mm
Inftial Crack Lingth = 13,65 me Iniv asd = ,837
Final Crack Length = 19.2 mm Final a/W = ,7==
Flow Stress = 611.% MNPa
Youngs Modulus = 190800 MPa (Estimated Value)
PQH!I LAKW QRTR J = C (Delta a)N
Hg! gégir Law !!1!-37

Jie = . ‘m 4 kw2
Kje = |3% MPa/® 141.4 NPa/R
J (9)/T=8.8) = 226.9 kl/mt
Exponent N = ,4849% 214
Coefficient ¢ ® 179.8 k)rn? 185.2 k) /m2
T Caverage) = 48 %3
&‘A!T gggnk NEAR LINE (ASTM) J = M (Pelt ) 4

t
Je - !;.: k) nt #.t i’/ni
Kje * 125.2 MPasw 130.4 MPaA/R
Slope il " 114879 k)/m? 107644.7 k) /ad
Intercept B . §7.7 k)l/mt 74 k) nt
T CASTM) - 58 s
Validity CEB13-81) = VALID
Validity (EB13-87) « VALLID
Validity (E11%2-87) = [NVALID-~1
J maximum alloved = 3859 kJ/at (Imax=BeFlow stress - 20)
Delta a max, allowed « 1,18 mm (Delta a max = @,10bo)
Final Delta a = 5.63 mn
Polason’s Ratio (v) = .23
Points Left - | Points Right = |

2500

2e0o

1500

1600

1 See

La=1b 1n2)

J Modifired ¢






gE=9

Table G-7

Fracture Toughness Results for Code GEB (Side 2), Irradiated Conditicn (Experiment UBR-79)

<

s::- Test sy S e, Ite Kge Towg v o
MEA ASTM  MEA  ASTM MEA

0 n - () () (/) (J/e?) (Pade) (Pa/E) (MPara) Py (pa)
GER-812  -110 -116 0.506 S — — 9.5 47.3 A6.7° 4. — 7479  682.9
CER2-8FS 40 -0 0.502 159 ——  60.5 548 0.1 — 6536 s8.8
CER-8F IS +5 0.49% 6.8 ~—— 1236 512 70.0 —  626.2 559.7
cER2-8F) 5 sl 0.513 63.6 —— 120.2 540 677 —  606.7 5395
GER2-8F6 415+ 0.503 0.8 —— 107.4 Se4 639 — 978 5302
GER2-8F1 31 +88 0.508 6.48  5.29  -L19  142.8 9.9 179.6 1494 —— 126 846 Su6.3

o Pretest /v ¢ Cleavage failure precluded deter—

Measured crack growth
€ Crack growth predicted
by compliance

mination of this quantity
‘vuulk.mnxm



TEMPERATURE

-200 -109
250 —— 1T

Code GEB (Side 2)
Irradiated (UBR-79)

)

t

<
V-
“
-‘




J Modified (kJ/m2)

Crack Extension (in.)

0 0.5 0.10 8.15 @.20 8.25
1000 T T T T T
SPECIMEN GEBZ2-8F1
- S000
800 |- i ®
4’ - 4000
600 |- /
- 3000
100
- 2000
FAILURE TYPE C
200 (J-R curve » 1,% mm) 100
MEA & ASTM ANILYSIS APPLICABLE
0 1 1 1
3.0 4:9 6.0 7.?
Crack Extension (mm)
TEST SPECIMEN DATA
Test Temperature = 31°C
Percent Side Groove = 8%
Specimen Thickness e 12.7 mn
Inftial Crack Length = 12,9 ma Intt asl = ,%08
Final Crack Length = 19,32 mn Final aW = ,763
Flow Stress = 584.6 MPa
Youngs Modulus = 209500 MPa CEstimated Value)

POMER LAW DATA J = C (%l!tg :)N
M r Lav -8?
Jie = 142.8 kJ/m lg'.g k) m?

Kje = |79.6 MPa/® 188,828 MPa/R
J (8)/1=8,8) = 499.1 kJ/mi

Exponent N = 6418 6684
Coefficient ¢ = 327.3 k)/a2 320,2 kJ/at
T Caverage) = 126 131

LEAST SOUARE LINEAR L]Ng (ASTM)
1 !,ag
Jie « 98,9 kit

J = M (Delt iiflf
:‘[tl kJ-m

Kje = 149, 4 MPa/R 149.4 MPA/R
Slope M = 24640%.1 kJ)/m? 246409.1 k)/w?
Intercept B = 78.) kl/nt 7R k)omid

T CASTM) = |48 148

Validity (ERI13-81) * INVALID==¢c C1,18 mm vs .97 am)
Yalidity (EB13-87) * INVALID=~c (1,18 mm vs .29 mm)
Validity CE1182-87) = [INVALID==3 (1,12 am uvs .18 am)

J maximum alloved * 36% k) n? (Imax=BeFlov stress 20
Delta a max, alloved = 1,29 an (Delta & max = 9,100
Final Delta a = 5.29 s

Poisson’'s Ratio (v) = .3

Points Lefy .1 Points Right = @

J Modifired (tn-lb/tnz)
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Trepan G Fluence Determinations
Procedures and Results
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Idaho Nationa! Engineering Laboratory

March 4, 1987

Mr. J. R. Hawthorne

Materials Engineering Associates
9700-8 Goorge Palmer Highway
Lanham, MD 20706-1837

ANALYSES OF GUNDREMMINGEN KRB-A VES3EL TREPAN - JWR-04-87
Dear Russ,

The through-thickness slice of the Gundremmingen KRB-A vessel trepan
(G,115°) which we received from MPA Universitat Stuttgart has been
sampled, the radioactivities of the samples measured and the fast neutron
fluences calculated for each sample. Samples were taken by cutting
through the slice with an ordinary hacksaw. Samples were taken at the
0.02T, 0.15T, 0.277, 0.47T, 0.74T and 0.987 depths referenced to the
cladding interface with the steel. A diagram is attached showing the
size, shape, dimensions and locations of the cuts and pieces. The
orientations of all pieces were carefully documented and the pieces are
“shaped or marked for positive fdentification. A portion of three depths
(0.02T, 0,157 and 0.277) was dissolved to make standard radiocactive
sources to verify that results from the snlid pieces were correct. All
samples and pieces have been retained for future use if necessary

It was possible to measure the *Mn activity in the material without
chemical separation using calibrated Ge detector based gamma-ray
spectrometry. A half-life of 312.240.1 days was used for “*Mn. A

cross section of 11546 millibarns for the *Fe(n,p)*Mn reaction was

us?d to determine >1MeV "fast" neutron fluence rates and fluences assuming
2 “% fission neutron energy spectrum. The materia) was assumed to

be 97.07 weight percent {iron.

’pgsod on a cobalt content of 0.02 weight percent in the material, it was
possible to measure the reaction rate for the **Co(n,y)*Co reaction.

The *°Co activity was measured by gamma-ray spectrometry, A

half-1ife of 5.27140.00]1 years was used for “Co. A cross section

of 37.2 barns was used to determine "thermal” neutron fluence rates and
fluences. No corrections were made for epitheral neutron response.

JLI’O:G.. w PO Box 1625 Ideho Falls, 1D 83415
N2



thorne
Haw »

h 4, 1987
.04

e 2




=N

Sample
iD

0.027
0.157
0.2Mm
0.477
0.747
0.981

S%n  Bq/g Rate
Mass(g) _(1-13-77) _ An/cméss)
1.#640.12€10
1.18+0.10£10

1.8162
1.7793
2.8309
1..943
1.7719
1.6817

GUNIRE*MINGEN VESSEL KRB-A SAMPLE RESULTS

7.19+0.49E5
5.8440.36E5
4.5740.28£5
3.1940.20€5
1.9%+( . 13E5
1.28+0.08F5

>iMeV
Neutron
Fluence

9.294+0.75E9
6.2840.5F9
4.02+0.3369
2.59+0.2169

> 1MeV
“Fluence
(n/cmé)

3.34:0.28E18
2.71+0.22€18
2.11+0.17€18
1.47+0.12€18
9.13+0.75€E17
5.89+0 48E17

60co

6.0040.31E5
2.8940.15E5
1.6240.08E5
8.7040.44E4
5.61+0.29E4
6.13+0.31€2

Thermal
Neutron
Fluence

q Ra
1-13-77 ]g[éla H

1.45+0.08E10

6.99:0.36E9
3.9242.20€9
2.1040.1163

1.3540.07E9
1.48+0.08E9

Thermal
Neutron

(enty

3.23+0.18E18
1.60+0.08E18
8.95+0.46E17
4.80+0.24E17
3.1040.16E17
3.3940.17€17
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idaho National Engineering Laboretory

March 7, 1988

J. R. Hawthorne

Materials Engineering Associates, Inc.
9700-8 George Palmer Highway

Lanham, MD 20706-1837

FAST NEUTRON DISTRIBUTIONS IN GUNDREMMINGEN VESSEL KRB-A - JWR.).-13
Dear Russ:

Rased upon your request of 3-2-88 for the subject information | have
complied the attached summary of rrsults. These results are based on the
calculated neutron spectrg found in the report IKE 6-FB-3§ (NUREG/CR-4791)
by G. Prillinger and the *‘Mn reaction rates measured at our

laboratory. The ENDF/B-V Dosimetry File cross-section data was used to
obtain the spectrum averaged cross-sections, If you have any questions or
comments please let me know.

Very truly yours,

JW Rogers
Chemical Science
clt
Attachment:
As Stated

¢c: G. Prillinger, IKE
C. Z. Serpan, NRC-HQ
J. 0. Zane, EGAG Idaho (w/0 Attach)

H-6

J'Q EGelG .. . PO Box 1625 Idaho Falls, 1D 83415



(n

(2)

“I! II!I(”

7.1940. 49€8
§ 8420 3665
457502865
3.1920. 2068
1.9820.13€8
12850, 08ES

On 1-13-77.

"1 Moy
e TS

1.1350.09€10
1.0440 0wE10
8.9540. 7269
§.9420. 5669
§.1450. 4209
3.4730. 2069

(6, 117%)

*l e
s

2595022618
2.3840.19€18
2.0850. 17618
1.8920.13€18
1.1820.10€18
7.9520.85€17

H-7

0.1 Mev

2.2550.10610
2.4250.20610
2.3220.19€10
2.1950. 18610
1.9720.18€10
1.8320.12€10

FAST NEUTRON DISTRIBTUIONS IN GUNDREMMINGEN VESSEL KRB-A

20,1 Mev

§.1620. 43618
§.5620.45018
£.3320. 4318
§.0240 41018
4.3120.37¢18
3.8020. 29618

Relative to steel-cladding interface with a stee) thickness of 4.35 inches.

Ratio
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