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AB; "

{
The 250 MV boilf.ng water Gundremmingin reactor, KRB A, in the Federal
Republic of Germany /TRG) has been decommissioned by the utility
owners. A joint USA /FRG/UK study, conceived by the U. S. Nuclear
RegulatJry Commission (NRC), is underway to evaluate material removed
from the vessel by trepanning for a critical assessment of power
reactor vs. test reactor environment effects. HEA, Staatliche
MaterialPruefungsanstalt (MPA), and UKAEA Harwell are cesponsible for
the experimental yheses of the joint program. The reactor vessel
operated at - 288 C; the inner gall f)uence estimate at the time of
de namissioning was about 1 x 10 n/cm , E > 1 MeV.

This report describes irradistion assessments of a welded forging
segment believed to be archive material from the KRB A vessel fabrica-
tion. Preirradiation verification tests of the material are also
summarized. Charpy V (C ), compact tension (CT) and tension testy
specimens were irradiated in the 2 MW light water-cooled test reactor
located at the Buffalo Materials Research Center. Five as irradiated
conditions and two postirradiation annealed condie. ions were evaluated.
With 288'c irradiations, the elevation in 100 MPa/m temperature from
fracture mechanics tests was found to match the elevation in 41 J
tempera':ure from C tests within 12*C. The latter elevation wasy
predicted well by NRC's Regulatory Guide 1.99.

The LC orientation data for the archive material vs. the vessel
trepans suggest a fluence rate effect. The CL orientation data,
however, do not. A test oritntation dependence of radiation
e: brittlement sensitivity, described by the trepan material but not
the archive material, is responsible and is anomalous.
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1. INTRODUCTION

The 250 MW boiling water Gundrema'ngen Reactor, KRB A, located in the
Federal Republic of Germany (FRG) was decommissioned by the utility
owners in 1977. Prior to its decommissioning, the reactor vessel

operated at a nominal gepperagure of 288'C and had an estimated inner
wall fluence of 1 x 10 n/cm . E > 1 Mov. In 1984, a remnant of a
forging believed to be from the vessel construction was locatti by the
U. S. Nuclear Regulatory Commission (NRC). The availability of this
"archive" material and the service degraded vessel material presented
a unique opportunity for qualifying the effects of long term
irradiation on a prototypic reactor pressure vessel (RPV) steel.
Specifically, the materials permitted verification tests of present
prediction methods for radiation induced embrittlement and the atten-
untion of radiation effects through the vessel thickness. Also, the

materials allowed direct tests of the effect of fluence rate on the
correlation of fracture toughness test methods with other mechanical
ten methods, such as the Charpy-V (C ) test method. Recognizingy
ti.e n possibilities, the NRC put in piace a joint USA /FRC/UK program
t:, investigate the vessel properties in both the as irradiated and
postirradiation annealed conditions and to conduct accelerated
irradiation tests of the archive r.aterial for power vs. test reactor
comparisons. Materials Engineering Associates (MEA), Material.

Pruefungsanstalt (MPA), and UKAEA Harwell are the lead laborateries
for the three respective countries.

MEA's tasks include the development of mechanical properties data for
the unirradiated (preservice) vessel condition using the archive,

material and the determination of fracture resistance changes produced
by a hght water test reactor environment. MPA's responsibilities
include vessel trepanning and the determination of postservice vessel
properties and fluences. The Institut fur Kerntechnik und
Energiewandlung E. V. (IKE) is providing dosimetry support to MFA.
UKAEA Harwell is conducting irradiation tests of the archive material,
using a heavy water test reactor. Through a coupling of the
UKAEA Harwell and MEA results, the program will qualify the effects on
embrittlemt.nt sensitivity of large neutron sp3ctrum differences.

This report documents MEA studies to date en the archive material and
through vessel wall fluenco determinations made by EC&G Idaho, Inc.
under MEA sponsorship. In addition, MEA results for the archive
materia? are compared to mechanical properties data for trepanned
material developed by MPA. Detailed findings of the MPA tests are
given in References 1 3. Results of Harwell studies on archive
material supplied by MEA are not yet published although preliminary
(tentative) results were described at the 1986 Vorkshop on the KRB A

vessel material (Ref. 4). Irradiations by Harwell primarily were in a
heavy water reactor environment; whereas the KRB A and the test
reactor used by MEA are light water reactors.

The MEA and MPA studies jointly have produced a set of anomalous
results. The anomaly pertains to one tost orientation of the vessel
material only and may be indicattue of a unique irradiation fluence-
rate effect. Resolution of the anomaly is viewed as highly important

1

(
.
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because of the potential impact on the applicability of NRC's
Regulatory Guide 1.99 to long term irradiation service at elevated
temperature (Ref. 5). The studies are continuing.
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2. MEA INVESTIGATIONS

MEA investigations have progressed through three phases. Phase 1
involved experimental testing of the archive material to verify that
it was a remnant of the KRB A vessel's ring forging No. 7.1 as
suggested by vendor records (Refs. 6 and 7) and other information
available. Phase 2 developed through thickness mechanical properties
of the archive material, for use in indexing the irradiation effects
to the vesnel. Phase 3 produced notch ductility, fracture toughness,
and tensile strength data for irradiated and postirradiation annealed
conditions. Additionally, tcsts of through wall fluences were made
using a portion of the material trepanned from the vessel belt line
region. The irradiation matrix that evolved since undertaking the

program is summarized in Table 1. The philosophy behind each matrix
point is discussed in Section 7.

3
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Tamle 1 Irradiaties Experiment Matrix (ASTN L-C Orleatation Speciseas)

Empe riment Irradiaties Timence Target yestirradiacies* Specinem Types Specimen Complement
Temperetare Test Condittoma

C, CT Tessile
2h Code * ( *C) (m/ce , g y g ,,y)

1s e 8
, 8, usa-6s 2ss s x 10 g, gg , gg3y9, g"454 C 0.5T-CT . Tensile' 47 24 av ,

f I8fg Una-78 284 2.7 x 10 1. 11399. IA454 v
U 0.57-CI. Tessile 20 + 38 24 2+24

I I83 Uta-79A 275 8 m 10 I C,. 0.5T-CT. Tensile 13 + 58 6 2

f IIe Usa-40A 288 2.3 m 10 I C,. Tensile 15 + JE 0 4

* 1 * so-irradiated; IA)99 = f rrediated + 399'C-16s b amenaled; 1Ag$4 = f rradiated + 454*C-164 h canealed
b IEA meeeably ammber

* esepecified sammel condities
# 12.7-en (0.5-ia.) thick coe9ect toestes specimes
* 3.74w (0.226-in.) gage diameter
f Some C-L erientaties C,. tessile specimens included

E ASTN C-L orientattee (C,) er OFL orientaties (tensile)

1
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3. KR.B A REACTOR VESSEL AND MATLAIALS

The KRB A reactor was placed in service in 1966. It represents an
early prototype to boiling water reactors (BVR's) built by the General
Electric Company. The belt line region of the primary pressure vessel
was constructed of several forged steel rings joined by circua-
ferential submerged arc (S/A) welding. Forging ring No. 7.1 was
located at the elevation of the reactor fuel core (belt line

region). This ring has a thickness of 119 mm (4.7 in.) and is stain-
less steel clad on its inner surface. The steel type is 20NiMoCr26
which is similar to ASTM A 336 steel.

A reactor vessel surveillance program was implemented prior to commis-
s ionir:g (Refs. 7 and 8); some surveillance specimen capsules were
later removed and tested (Ref. 9). In 1984, HEA obtained a few
unirradiated (unused) surveillance specimens from the reactor

facility- Kerkraftwerke Cundremmingen, which is owned by Rheinisch -
Vestfalisches Electrizitatsverk AC (RVE) and Bayernverk AC (BAC). The
sp?cimen materials were of significant value to at bive material
verification.

Initially, s total of 15 trepans were removed from the vessel belt-
line region. Twelve of the 100 mm diameter trepans were taken from
forging r'.ig No. 7.1; three were taken from an adjoining forging (see
References 1 and 3). In addition, 3 trepans were removed from a
forgiag in the vessel's steam drum reg',n (essentially a nil fluence
exposure region). Trepan "C", from forging ring No. 7.1, contained
the material analyzed for through wall fluence levels.

|

|

|

|
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4. ARCHIVE MA"ERIAL

The archive material was obtained from the General Electric Company's

Vallecitos site. The material was in the form of two welded ring
segments. The segments did not have a stainless steel weld overlay
but did have the appearance of previous machining on the I.D. and 0.D.
surfaces (using a large turret milling machine) to remove out of-
roundness and/or to brin 5 the material to the design specified

thickness. The inner diameter of the vessel at the belt line is about
3.7 m (12.1 ft). In this report, the as forged (original) 1.D.
surface of the material is taken as the reference surface for indexing

1/8T. 1/4T, and other thickness locations. The visual appearances of
the base metals suggest that they were a prolongation of a much larger
ring forging. The circumferential weld is suspected of being a
portton of the weld made for surveillence program material (Ref. 7).

One ring segment, approximately 119 as thick and weighing about
1450 kg, was given the identification code GEB by MEA. The base
metals on either side of the weld deposit were coded CEB 1 and
GEB 2. The other ring segment weighed about 9'O kg; its base metal
portions were coded GEA 1 and GEA 2. To date the MEA and Harwell
irradiation programs have used the base metal, GEB 2, exclusively. }

The test specimens for irradiation were remosed from the 1/8T.
thickness location. This sampling location does not conform to ASTM
Standard Practice E 185 but was chosen for specific reasons stated in
Section 6.

6
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5. VERIFICATION TESTS (PHASE 1)

Objectives of the verification tests were the experimental determina-
tion of chemical composition, hardness, tensile properties, and notch
ductility properties of each of the four base metals contained in the
welded ring segments. Microstructures were also characterir.ed. The
findings are documented in detail in MEA Report No, MEA 2095 (see
Appendix A). In brief, the individual and combined observations for
the base metals are im good agreement with existing documentation for
vessel forging ring No. 7.1.

| Table 2 lists the chemical compositions of the four archive base
metals and the chemical compositior.s of the base metal portions of the
three, unused surveillance specimens tested. The compoettion of the
forging as given by KRB A vessel documentation and the composition of
the trepanned material as determined by MPA are also given. From the
similarity of values for the archive materials, it is reasonable to
conclude that they are all from the same steel melt. More
importantly, the archive material composition matches well the compo-
sition of forging ring No. 7.1 (trepans) as determined by MPA.

The microstructures of the four archive materials were found to be
tempered upper bainite or tempered upper bainite in combinatica with
free fetrite, depending on the distance from the as forged surface

( (see Appendix A). The CEB 1 and CEB 2 materials have crimparable
Rockwell B ht.rdness levels and profiles. A small hardness difference
in the center region (only) was found between the CEA 1 vs . GEA 2
materials. The Rockwell B hardness values were comparable to those of
the surveill mce specimens.

.

The newly t.eveloped C notch ductility data for the archive materialsy"

(1/4T locrifon) and data for the forging ring No. 7.1 (ASTM C.L test
orientatir ; generated in the mid 1960's (Refs. 6 8) are illust rated
in Fig. Note the agreement. The C L test orientation proved r.o be..

the "strong" orients. tion; the C upper shelf energy level of thisy
orientation is about 155 J (114 ft lb) compared to 103 J (76 ft lb)
for the L C orientation.

Based on the evidence (old and new), MEA and MPA concluded that a hjah
probability exists that the four base metals and the vessel forging
No. 7.1 are from the same steel melt and that the base materials are
representative of this vessel forging as first placed in service.

7
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6. THROUCH THICKNESS PROPERTIES CHARACTERIZATION (PHASE 2)

The base metal CEB-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 CEB 2 base material were deter-
mined to establish baseline (reference) properties. (Note: The
Phase 1 verification tests employed specimens from the 1/4T-thicknest
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 conformance 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 am thick O.5T CT specimens) are outlined in

Reference 11. Appendix B prov1 des diagrams used for the cutting of
specimen blanks for the Phase 2 inve s tiga : ions and for the Phase 3
irradiation studies discussed below.

MEA Report No. 2159 A (see Appendix C) d>cuments the primary MEA
findings on through thickness properties. The determinations made
with full-size C specimens (ASTM Type A), 5.74 mm diameter tensile
specimer.s and 13.7mm thick CT specimens (0.5T CT) show a good
uniforrity of properties through the material. Table 3 summarizes the
tensile test results. Yield strength differences are less than 21 MPa

i (3 kti). Figures 2 through 5 illustrate the experimontal C and CTy
terc data. Differences in brittle ductile transition temperature
indexed to the C 41 J energy level . e on the order of 11'c and arey
on the ordsr of 17'C for trantitions indexed to the CT
K 100 MPafe toughness level. C uppe. thelf levels for the 1/8T ,
If4T, y

and 7/8T thickness locations we r- the a une but were somewhat<

higher than that of the 1/2T thickness ation (103 J vs. 90 J). No
significant difference in upper shelf toughness due to thickness
location was observed in CT specimen tests.

Based on the through thickness properties u tformity, the
1/8T-thickness position was selected over the 1/4T thi@ ness position,

for the irradiation investigations. For the vessel itself, it was
reasoned that the 1/8T layer, havlag 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 associated with the small flaw case in Pressurized
Thermal Shock (PTS) scenarios.4

J

1
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Table 3 Tensile Properties of Code EB-2, Axial Specimen Orientation
(5.74-as diameter,12.7-un gage length)

Ihickness Specinen Tensile Yield Strength Elongation Reduction
location N::ber Strength (0.2% offset) of Area

(MPa) (ksi) (MPa} (ksi) (%) (%)

1/8T aB-I9 633 91.8 4 81 70.8 38.4 61.1

CEB-TIO 633 91.8 488 70.8 39.6 65.4

1/4T CEB-Tl 618 89.6 '-47 67.8 42.6 65.3
:

CEB-T4 621 90.0 471 68.3 38.4 66.8
1

1/2T CEB-Tll 621 90.0 472 68.4 23.4a $7,3

| EB-T12 621 90.0 467 67.8 40.6 61.6
1
1

1
'

7/8T EB-TD 629 91.3 488 70.8 40.8 65.9|

|
|

CEB-T14 631 91.6 488 7f .8 40.0 66.4

* Failed at gage mark
|

1

|

|

|
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7. IRRADIATION ASSESSMENTS OF ARCHIVE BASE METAL (PMASE 3)

7.1 Irradiation Experiment UER 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 t5e 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 MV

thgUBR apd {ocated in Buffalo, NY.pool type test reactor known es
The fluence rats was about 8.5 x 10 n/cmNs* E > 1 MeV. Fluences,

were established from Fe, Ni, Co A1, Ag A1, and sa sU dostrioters placed
within the specimen arrays. Specimen temperatures were monitored with
thermocouples welded to the specimens; temperatures were controlled by
external instrumentation. The experimental assembl. 1onsisted 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

y
0.5T CT specimens (see Fig. 6).

of 288'C (nominal) and a target fluence ofAn exposure gemperatureg8 x 10 n/cm , E > 1 MeV were specified. These parameters reflected
best estimates of the vessel operating conditions ard end of life
(EOL) exposure by the FRG at the tic.e of program initiation 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 daily operating temperatures for UBR 68; Appendix
E provide,a average fluence rates determined from individual neutron
dosimeters.

Typically, specimen temperatures were held to within 8"C of the target
avegge fguence received by the C and tensiletemperatura. The y

specime .o s 8 76 x 10 n/cm ; that received by the CT specimens was
8.6 x 1 a/r .j (Fluence values given here and elsewhere in this.

repor. are calculated spectrum values unless noted otherwise. ) The

uncertainties in fluence rate (neutron flux) determinations from the
iron, nickel, and 2seU dosimeters were judged by the counting
laboratory, EC6G Idaho, to be 1 86, 1 74, and 54 for the 1 o confi-
dance level, respectively. These uncertainties do not include any'

uncertainties that would be associated with actual spectrum verage

cross-sections of the irradiation fields or with burnout of the
reaction products of interest. The uncertainty in cross sections from
the neutron spectrum calculstion is less than 154.

The postirradiation C test results are compared to data for the pre-y
irradiation condition in Figs. 7, 8, and 9 and Table 4. The curves
shown in these figures (and in the later C data illustrations) arey

visual best-fits to the data. Individual C test results for the as-y
irradiated condition and the two postirradiation annealed conditions
are given in Appendix F along with c >mputer 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),
41-J transition temperature elevation ofReferring to "ig. 7 a

C[rradiation. In comparison, a 48'C elevation
i

44 C was produced by the

16
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Table 4 Sussmary of Pbetarradiation Isotch Ductility Deternisettoms (UBR Emperiemate)
i

I

] Irradiation Temperature gate Specimen C, 41-3 Temperature C, Upper Shelf Esergy; Aseeably x 10 n/cm Ostemation
i (f. > 1 terV) (ASTM) Inf ttal Oessge* Initial Gesage"I

(*C)
0

(*C) (*F) (&*C) (&*F) (J) (ft-lb) (M) (dt-lb)
i
j "Jetrradiated L4: -29 -20 - -

-

j (Set A) 103 76 - -

!

UBR-68 296 8.76 teC -29 -20 44 80 103 76 9 7(399'C Anamel) 16 60 28 30 94 H 20 15(454*C Asuwel) 16 60 43 75 94 69 20 15

Unt rradiated leC -26 -15
-

107 79- -

3 (Set 3) - -

C-L -40 -40 - - 155 114 - -

.

USR-78 2ss 2.7 LM -26 -15 17 30 67 79 4 3C-L -40 -40 19 35 155 114 4 3

UBR-794 275 8.5 L-C -26 -15 47 85 107 79 9 7C-L -40 -40 * *
155 114 ~31 -22260 3.3 tec -26 -15 56 100 107 79 17 13C-L -40 -40 ~53 ~95 155 114 22 16

UeR4104 254 23.0 Irc -26 -15 64 115 107 79 19 14* *C-L -40 -40 155 114 36 26

* Chew over previous condittom b Untestad irradiated condittoa * Ilot detesmined(unirradiated or Irradiated) opecimens still available

. . _ _ , - - - , . - . , - . - - - - , - -- - - - - - - - - -
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in K 100MPa[Etemperature was found with the 0.5T CT specimen
ye(Fig. 10). Both determinations show the NRC's Regulatorytasts

Guide 1.99 Rev. 1 and Rev. 2 to be conservative. Specifically, Rev. 1
and Rev. 2 project transition temperature elevations of 67'c and 59'C,
respectively, for this 0.15% Cu, 0.015% P, 0.79% Ni steel.

Referring to upper shelf toughness, only a small reduction in J 1evel
at 177'C was apparent after irradiation (Fig. 11). At 288'C, the data
for the unirradiated and irradiated conditions are colinear (Fig.
12). Together, the J R curves for the irradiated condition at 177 C
and at 288'C describe only a small toughness reductiot, with an
increase in temperature in this range (Fig. 13).

Postirradiatioa heat treatment at 399'c for 168 h resulted in full Cy
upper shelf recovery but only partiai 41 J transition temperature
recovery (Fig. 8) . The 454'C 168 h anneal, in contrast, produced full
upper shelf recovery and essentially, full 41-J recovery (Fig. 9).
The C upper shelf energy level of the annealed material is highery
than that of the unirradiated material (114 J vs. 103 J ,
respectively). Whether or not this was due *.o the prior neutron expo-
sure or just the duplex thermal treatment of 288'C 249 h + 399'C 168 h
(or alts * natively 454'C 168 h) has not been established. The unirra.
disted ed irradiated condition tests were performed on the same
impact test machine; accordingly, the difference. is not experimental
procedure related. MEA tests of unirradiated, thermally-conditioned
A 302 B and A 533 B pressure vessel steels have indicated a similar
effect of duplex heat treatments on upper shelf level (Ref. 11).

The 0.5T CT specimen data for unirradiated, irradiated, and annealed
conditions are compiled in Appendix G. Specimens that were
postirradiation heat treated showed an inconsistent recovery in the
transition regime. For the 399'C-168 h heat treated condition
(Fig. 14), two specimens showed essentially no recovery when
referenced to the mean curve for the irradiated condition but four
others receiving this heat treatment indicated up to 80s recovery in
transition temperature at the 100MPa/5 level. For the 454'C 168 h
heat treated condition (Fig. 15), two specimens tested in the
transition regime indicated essentially 1004 recovery unlike three
others which depicted < 504 recovery. The reason (s) for the
inconsistent response to the annealing treatments has not been
determined. in contrast, relatively low data scatter in the
ttansition regime was found for both the unirradiated and the as-
irradiated material conditions (see Fig. 10). Both annoaling heat
treatmen a resulted in some recovery in J R curve level at 177'C (Fig.
16). Consistent with C upper shelf trends, the anneal at 399'c fory
168 h produced a higher toughness than that found for the unirradiated
condition. On the other hard, the higher anneal temperature 454*C,
did not provide complete recovery in the J R curve level in contrast
to the > 1006 upper shelf recovery demonstrated by the C tests.y
Overall, the differences in the JR curve levels among the four
:onditions are not large; possibly multiple tests at each condition
would have yielded overlapping trend bands.

t
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! Tensile test results are summarized in Table 5. A 76 MPa elevation in
| ambient temperature yield strength and a 59 MPa elevation in ultimate |

| strength were produced by the irradiation. Tests at 288'C showed a l

23 MPa elevation in yield strength and a 16 MPc elevation in ultimatel

strength. The 399'C 168 h and the 454*C 168 h postirradiation heat
treatments achieved 70n and 1004 recovery f.n yield strength, respec-
ttvely. Accordingly, yield strength changes follow well the
concomitant C 41 J transition teuperature changes.y

I

7.2 Throur.h Wall Fluenes Determination

The fluence de te rr.inations made at various depths through the vessel
wall, using a slice from Trepan C, are listed in Table 6 and are
illustrated in Fig.17. The determinations were made by EC&G Idaho,
Inc. (J. W. Rogers) for HEA under subcontract. Details of the fluence
determination procedures are given in Reference 12 (Appendix H).

Important to the thrust of the USA /FRC/UK program, the fluence to the I

inner g li su{ face was much less than the original fluence estimate of
1 x 10 n/c.s . Fg 1 MeV, made at the time of vessel decommissioning
and ihe 8.8 x 10 n/cm fluence received by the UBR-68 irradiation
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 irradiation test.)

Table 6 includes through wall fluence proj ec tions (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 fission spectrum but are within 5 percent of adjus ted
measurement values indexed '. o the calculated spectrum. A best fit i

'

equati an for the fission spectrum based data has an exponent value of
O.41. (

!
i

7.3 UBR Test Reactor vs. Service trradiation Embrittlement
i
I

C data developed by MPA with Trepan C and C samples having the LCy
and C L orientation are illustrated in Fig. 19. The samples were from ;

trepan specimen layer No. 2 which corresponds approximately to the I

1/8T thickness location. The data trend for the archive material from
the UBR 68 experiment is also shown for comparison. The flutnce to

trgan ppecimens (MPA determination) was approximatelythe
2.4 x 10 n/cm or about one third that received by the archive

,

i

[material. Nonetheless, the trepan L.C orientation tests describe a
60'C increase in 41 J temperature and a 50 J decrease in C upper ;y

shelf energy (referenced to the preitrad'stion properties of the [

archive material). Accordingly, the service induced embrittisment is ,

shown to be much greater than the accelerated (test reactor) irradia- i
tion induced embrittlement. A second observation is that the trepan '

C L orientation data describe only a 30'C increase in C 41 J transi- Iy

tion temperature and a < 10 J decrease in upper shelf energy |
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Fig. 17 Sampling locations in Trepan C for fluence determinations.
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Fig. 19 Charpy-V notch ductility of KRB-A vessel material before and
after irradiation service. The dashed line in the lower ;

) graph shows the effects of long-term (years) thermal condi- I

tioning without irradiation; the upper graph includes<

postirradiation data from accelerated (test reactor)
exposures of the KRB-A atchive Code CEB-2 material by MEA

[and Harwell (Ref. 2). (
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j (Ref. 1). As noted in Fig. 19, a portion of the transition
|; temperature elevation for the trepan material can be ascribed to a

i time.at-temperature effect without neutrons present. The above L.C !
I vs. 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 reactor irradiation studies and the few
,

comparisons of C.L vs. 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 vs. C.L j
test orientations. A companion expectation is a greater "absolute"

'

reduction in upper shelf level for that test orientation having the !
higher preitradiation C upper shelf energy, that is, the "strong" g, y

'
test orientation, for cases where the pretrradiation difference is '

) quite pronounced. This expectation is one reason that the projection

,' of upper shelf reduction by the NRC Regulatory Cuide 1.99 is given in :

terms of percent decrease rather than an absolute value for a given !

j fluence.
j t

!
7.4 Follow.On Irradiation Experiment Matrix (UBR.78. UBR.79. UBR 80) |,

J

To verify the anomaloas behavior, and separately, to obtain a critical !

j test of neutron spectra effects on irradiation embrittlement sensiti.
vity, a set of three additional experiments was undertaken for the :>

f archive material. Irradiation parameters and speciman complements are !
indicated in Table 1. The specimen loadings of the three experiments i.j

; are indicated in Figs. 20 to 22; daily operating temperature records [
are includea in Appendix D. [

l
i The thrunt of one new experimeat. UBA.78, was the development of a set i

of data for a fluence closely matching that actually received by the i

1/8T. thickness location of the vessel (Trepan C and C). As with |
experiment UBR.68 Capsule A contained C and tensile specimens and
Capsule B contained 0.5T.CT specimens.y The second experiment,

,

!

UBR.79A, addressed the question of the effect of irradiation teopera. j,

i ture on material irradiation sensitivity. Here, a reanalysis of the !
probable vessel vall operating temperature by the utility indicated a (service tenperature of 279'C for the vessel belt line tagion, rather ;

{ than 288'C. This best estimate was derived mainly from downcomer !
rater temperature information. To test the irradiation temperature {j
ffect more critically, the target temperature for UBR.79A was 275'C, |

ather than 279'C. The target fluence was the same as that for the |
original 288'C experiment, UBR.68. In actuality, the C specimens in '

y

| UBR 79A vere irradiated at 260'C (Group 1) and 275*C (Group 2). The
: temperature difference resulted from the "piggybacking" of the six

,

0.5T.CT specimens in with the C specimen array. The development of; .y

] two temperature zones, however, proved fortuitous. ;

The third experiment, UBR.80, was undertaken to cbtaf n high fluence.
| 288'c irradiation data for a light water environment, for comparison i

} with data being developed by Harjeli fog a heavy. vater environment. ig
The targst fluence was 2.3 x 10 n/cm . In the interest of a :

;

i

u i.

t
,
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Fig. 20a Placement of Charpy-V, tensile and 0.5T-CT specimens in
Experiment UBR-78 (Capsule A; elevation view).
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) Fig. 20b Placement of Charpy-V. tensile and 0.5T-CT specimens in Experiment UBit-78 (Capsule B*
i elevation view).
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Fig. 21 Placement of Charpy-V, tensile. and 0.5T-Ci specimens in
1

Capsule A of Experiment UBR-79 (elevation view). )
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Fig. 22 Placement of Charpy-V and tensile specimens in Capsule A of
Experiment UBR-80 (elevation view). Blank spaces were occupied by |specimens for another MEA study for the NRC.
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complate summation of MEA investi attons on the archive material, data5
! from the UBR.80 irradiation test are provided below. Data .' rom the ,

cited Harve11 investigations are not expected until late 1989.
,

>,

j 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 tha reactor vessel mat.erial. ;

The specimens for the irradiation assemblies were removed from the i

code CEB.2 ring istging at locations adjoining but somewhat displaced ;

| from that supplying the unirradiated condition test specimens. As a t

'

precaution against possible property differences around the forping i
; circumference, a number of extra specimens sere cut along with t' !
] specimen complement for irradiatten, for check tests of unirradiat |

'

condition properties. Results fion the CT check. test specimens as !
I illustrated in Figs. 23 an! 24 Good consistency of the data in ter r
j of transition regime trendi and J.R cut,s trends is observed. !

.

i similar consistency was observed for the C specimen data sets.y ,

!

J !

! 7.5 Trradiation F.xperiment UBR.78
,

!
'

C data for the L.C orientation and the C.L (strong) orientation arey
presented in Fig. 25 and are tabulated in Appendix F. Appendiv F also i

l includes computer curve fits of these data snd curve fits for the data :

2.7x10ge flyences received by the f
! from experiments 79A and 80A. The ave

UBR.78 gperlynt specimens, tensile) and ;n/cm
(C[1

,

i 2.6 x 10 n/cm (0.5T.CT). essentially match 1 the fluences {
J received by the Trepans C and C at their 1/8T thickness location. I

; Average fluence rate values determined from individual neutron
; dostaeters in irradiation experiments UBR 78 UBR.79A, and UBR 80 are !

i included in Appendix E.

Unlike the trepan test results, the date from this expertuent do show [
; about equal C 41.J transition tisperature elevations and about equal [y
: upper shelf energy reductions for the L.C and C.L test orientations. !

The reductions in upper shelf energy were asall, that is, nominally I
'

5 J or less. The elevations in 41.J transition temperature were also j3

i small, about 18'C.
f

.

f

| A comparison of the C.L orientation results for the trepan vs. the !

) archive aterial indicates a reasonably good agrevnent (Tig. 19) The L

transition temperature elevations are within 10'C; the opper shelf'

,reductions are both less than 10 J . The data sets for the L.C '*

orientation, on the other hand, reinforce the original anoaalous,

indications for the trepan,

j Data from the 0.5T.CT specimens irradiated in experisent UBR.78 are
given in Appendix C. The 100 MPa/Is temperature elevation is sosevhat4

: higher than the C 41.J temperature elevation. In the transitiony
; regime, the data lie between that from experiment UBR.68 and that for
: the unitradiated condition (Fig. 26). The 100 MPa/s transition' temperature elevation is about 60% of the 100 MPa/m temperature
| elevation observed with experiment UBR.68. The J.R curves for 177'C

f 42 l
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Fig. 24 J-R curves from check tests at 177'C.

The new data match the prior data well i

j although at Ar. values less ti.en 1 mm the |
J 1evels for the check tests are slightly [

'

: higher. |
,
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l
i

describe a higher J 1evel than the J R curves t'o r the ua.tzradiated
condition at this temperature for Aa values up to 0.5 mm (Fig. 27); at
higher Aa values, the J 1evel for the irradiated coadition b lover
than that for the reference condition. For the 238*C test condition,
the JR curves tend to be lower than th se for the unirradiated
condition (Fig. 28). [ Note: A number of 0.5T-CT specimens from UBR-78
remain untested. Because of the low embr i t' lement , the planned <
assessments of annealing response (see Table 1) will not be made.)

The data obtained from tensile cpecimens are included in Table 5 and i

are discussed in conjunction with the UBR-79A and UBR 80A test renuits
in a later section.

7.6 Irradiation Experiment UBR-79A

The C data from this experiment are illustrated in Fig. 29. The Cy y
specimens in this assembly were irradiated at either 260*C (Croup 1)
or 275*C (Croup 2), asgtateginparagraph}.4. peaveragefluences

n/cm respectively, andreceived were 8.5 x 10
n/cm andg.88 x ig)

,

n/cm of UBR-68. Accordingly,closely match the fluence (8.8 x 10
the data can ue compared directly for an irradiation temperature*

effects determination.

The results show only a small influence of irradiation temperature on
the change in notch ductility properties. Transition temperature

elevations were, in order of increasing irradiation temp,erature: 56'C,
47 C, and 44 C. The comparison of 275*C vs. 288 C irradiation
temperature effects is of particular interest to the KRB A analysis,

'

since the various estimates of vessel in wall temperatures at the belt
line are within this temperature range. The data from experiments
UBR 79A and UBR 68 indicate that the uncertainity in the irradiation
service temperature is not of practical significance. In turn, it can
be concluded that the currently estimated vessel service temperature
at the belt line, 279'C, does not have a bearing on the anomalous Cy
data for the trepan L C vs. C L orient 4 tion. This is supported by the
few C data developed for the C L test orientation in this experiment.y

The tensile test results are given in Table 5. The elevations in
yield strength and tensile strength compare well with those observed
in the 288*C irradiation experiment.

The fracture toughness data are tabulated in Appendix C and are
illustrated in Fig. 30. From the very limited data the transition
temperature increase at the 100MPa[mlevel would appear to exceed
that found with the UBR 68 irradiation which had a comparable fluence
(AT 68'C vs. AT 48'C) and implies a somewhat higher material
sensitivity to irradiation at 275'C, unlike the C or tensile specimeny
data. A relatively large decrease in JR curve level due to
irradiation is apparent at a test temperature of 31 C (Fig. 31), in
contrast to the small decrease found for experiment UBR 68.
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7.7 Irrsdiation Experiment UBR-80A

The experimental C data are illustrated in Fig. 32. The inclusion ofy
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 LC orientation data. The greater reduction by the
"strong" test orientation is consistent with the data from prior
accelerated 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 is also shown. Where specimens

4

of C L and L C orientations were available, a general independence of,

| the yield strength elevation on test orientation is indicated. The
,

'

data indicate the following relationship: A*C (41 J temperature t

elevation) - 1.67 AMPa (yield strength elevation).
,
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8. DISCUSSION
;

;

! A reasonable explanation for the "anomalous" test orientation depen-
dance 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.

I The original NRC objective for the USA /FRC/UK investigation was to
critically test the influence of fluence rate on irradiation :

,

j ombrittles at and postirradiation embrittlement relief by annealing. !
q In view of the anomalous trepan data comparison, caution is advised in i

making a fluence rate assessment in the present case. That io, 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 i
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

'

i orientation relative to the CL orientation is not supported by
j 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 t

: "strong" orientation. i

i

An explanation could reside in the fabrication history of the vessel I
ring forging itself. Nothwithstandir.g the good agreement found in !,

verification tests between archive material and vessel material [4

j (composition, strength, microstructure, CL orientation notch i
ductility), the documentation on preirradiation LC orientation |

; properties of the vessel material is practically nil. It is noted ;
| that ring forgings can exhibit significant differences in properties .

] around their circumference. One forging material included in the !
; second round of IAEA studies m the reliability of reactor pressure

|
| components (Refs. 13, 14, and 15) is an example. Carrying this ;

j forward, the properties of the archive material may not adequately [
represent the properties of the vessel material at the particulst

' location at which the trepans were removed. The failure of trepan
j 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 {
l material variability in 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,

! |

i l
4 r
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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 the outer (low fluence exposure) ligaments of the
trepan, c.EA experiment designs are available for this purpose. If

the same orientation dependence of embrittlement sensitivity is
indicated by this irradiation test, it could be concluded that the
anomaly is rooted in the material tested and r.ot 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
in later material comparisons by microscopy for the mechanistic cause,

i
i

!

W
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9. SUMMARY

The accomplishments and primary observations of this 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 fer ring No. 7.1 of the
Cundremmingen KRB A reactor vessel. Verification tests
involved metallurgical and composition tests and archive
material comparisong against unused surveillance specimens
and portions of the vessel removed by trepanning,

e Notch ductility, fracture toughness (J.R curve), and
tensile properties of the archive material through its
thickness were determined experimentally using full-size
C specimens, 0.5T CT specimens, and 5,74-cun diametery
tensile specimens oriented in ASTM L-C and CL
orientations. Relatively good uniformity in properties
was observed between 1/*T., 1/4T , 1/2T , and
7/8T thickness locations. The C upper shelf energy levely
of the L C orientation was about 30% lower than that of
the C-L orientation (107 J vs. 155 J); the yield strengths
of the two orientations were about the same,

e The fluences received in through wall locations were
determined for the KRB A pressure vessel. The fluence at
approximgely the 1/8T-thickness locr4 tion was

22.7 x 10 n/cm uncorrected for neutron spgtrum shape(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 is much
lower than that originally projected by the FRC at the
time of decomrnissioning.

* The archive aaterial was irradiated in the light water
cooled gnd moperated UBR test reactor to 2.7, 8

g.8,n/cmang23 x 10 n/cm at 288'c and to - 8.7 x 10
(E > 1 MeV) et 260*C and 275'C. Good agreement in 41 J
transition temperature elevation was observed for the LC
vs. C.L orientation; the upper shelf energy reduction for
th9 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 tiie LC orientation at the
higher fluences.

* 'ihe LC orientation C data for the archive materialy
irradiated in the test reactor (accelerated irradiation
conditions) describe less embrittlement than L C orienta-
tion data for the vessel material at about the same
11uence. This can be interpreted as a fluence rate effect
Indication. Comparisons of C L orientation data for the
archive material and trepan material, however, show about
the same radiation embrittlement at a matching fluence.
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The LC orientation comparison assumes that the

prairradiation properties of the archive material
represent those of the vessel material which are unknown,

e The large difference in apparent radiation embrittlement
sensitivity between the CL "strong" test orientation
(low) vs. the LC "weak" test orientation (hish) is
anomalous; one approach for resolving the anomaly is
described.

* The transition temperature shift from fracture toughness
tests (measured at the 100MPa[alevel) tended to be
slightly hi8 er than that described by C tests fory88'ch y

For fluences of - 2.7 x 10 andirradiationgonditjons.
- 8.6 x 10 n/cm , the difference was 12'C and 4*C
respectively,

Upper shelf (J R curve) fracture toughness was noto

degraded significantly by any of the test reactor

irradiatgnexpgsureseventhoughfluenceswereashighas
8.8 x 10 n/cm (E > 1 MeV).

,

so
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MATERIALS ENGINEERING ASSOCIATES, INC.

'

MEA-2095
,

PREIRRADIATION QUALIFICATION OF MA*iERIALS IDENTIFIED AS KRB-A ARCHIVE
I

J. R. Hawthorne

1. BACKGROUND
-

MEA has the task of irradiating and evaluating Gundreamingen reactor y
Ivessel archival materials in support of NRC research on long-ters, in-
[service irradiation effects. HEA's results, together with

determinations by MPA of the Federal Republic of Germany (FRG) on |
!materials trepanned from the KRB-A vessel itself, will be analyzed for
Ithe effects of neutron exposure rate, steel composition, through-

thickness damage attenuation, and for the correlation of Charpy-V (C ) Iy

notch ductility vs. fracture toughness vs. strength. Properties !

recovery by postirradistion heat treatment will also be iniesti- [

[
gated. The MEA and MPA programs are limited to studies of the base
metal. Studies of tha girth welds are not being performed. The NRC [

decision to forego weld metal investigations stemred from the FRG |

determination that more than one filler metal was employed in complet- '
,

ing the weld thickness; that is, each weld has a composition variation
|

through its thickness.

In April, 1985, two pieces of weldment identified by stamp markings as
i

i
"KRB Vessel", were acquired from the General Electric Company (GE) -

! Vallecitos site. Each of the pieces represents a ring segment. One :

weighing approximately 3,200 lb. contains a circumferential weld
a

'

deposit located at the half-height of the ring; the second, weighing j
only 450 lb., also contains a circumferential weld. In this case, the :

weld is placed closer to one edge than the other. Both segments are i

Iapproximately 4-11/16 in. thick. The smaller piece was given the code
I

GEA by HEA; the larger pieces was assigned the code GEB. In this

report, CEA and GEB are termed "arc hive materials." The two base t

!metals of CEA were given the code number GEA-1 and CEA-2, respec-
tively; those of CEB have the code number CEB-1 or GEB-2. j

i
iInitial 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 7

whether or not the base metals are from the same parent material (or |

sttel melt). Additionally, the results were to be compared against
documentation for the KRB-A vessel to determine if the material
acquired froe CE is in f act archive material for the vessel. Specifi-
cally, the asterial from CE is believed to be a portion of forging
ring no. 7 1 of the KRB-A vessel. [

[

l
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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 anterials, that is,
GEA-1, GEA-2, GEB-1 and GEB-2, referenced to their inner (I.D.)
surface. In addition, hardness levels and gradients through the
thickness from the outer (0.D.) surface to midthickness were to be
established. Meta 11ographic examinations were also a part of Phase 1
efforts. Phase 2 involved t he cutting, mac hining and testing of
standard C and 5.74 en (0 226 in.) gage diameter tensile specimens
from the 174T location in each of the materials. The specimens were
to be removed in two orientationst axial and circumferential.
Figures 1 and 2 ere cutting plans developed for the removal of speci-
men blanks. Phase J (future) will develop through-thickness
mechanical properties for t he one base metal f.o be chosen, based on
Phase 1 and 2 findings, for the main irradiation study.

In addition to the evaluation of material from the rings GEA and CEB,
MEA tested three HAZ C, specimens from the original KRB-A vessel

#
surveillance program primarily to obtain stock for check tests of the
chemical composition of the surveillance base metal. The hardness of
these specimens was also determined (before impact testing). The
specimens, identified as D7M, D6E and D7Y were in the unieradiated,
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 cade 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 in force at the time of vessel,

'

manufacture.
<

3. RESULTS

3.1 Chemical Composition Determinations

The chemical compositions of the archive materials are 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 surveillance specimens D7H, D6E and D7Y are also
included in this table. In the case of the archive materials, GEA and
GEB, the determinations were made on drillings taken from a
38 x 38 x 13 en (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 illustrate the general locations of the
38 x 38 en x full thickness cutouts from which the stock for

A-4
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Table 1 Chemical Compositions of Archival Materials, Codes CEA and CEB

Material Chemical Compositions (Wt-%)

C Ma Si P S Ni Cr Mo Cu As Sn Sb V

|

5 CEA-1 0.23 0.70 0.23 0.017 0.013 0.77 0.37 0.66 0.15 0.021 0.021 0.007 0.031

GEA-2 0.24 0.71 0.21 0.014 0.018 0.77 0.36 0.66 0.15 0.023 0.021 0.007 0.030

! CEB-1 0.23 0.71 0.21 0.017 0.019 0.78 0.36 0.66 0.16 0.023 0.021 0.007 0.031

| > CEB-2 0.24 0.71 0.21 0.015 0.018 0.79 0.37 0.67 0.15 0.021 0.021 0.008 0.031

j L b
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

D7HC 0.23 0.71 0.26 0.022 0.015 0.86 0.38 0.64 0.16

D6E 0.23 0.71 0.25 0.026 0.019 0.84 0.36 0.63 0.15C - - -
4

07Y 0.24 0.71 0.25 0.022 0.015 0.85 0.37 0.65 0.16C

Ref ere nc e: Schleimar. Untersuchungsbericht U 4152, Dec. 11, 1964.*
b Not reported

' C Surveillance Specimens

1

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

Composition data for the rings depict a close similarity in chemistry
for all four archive materials. It appears reasonable that they were
all from the same steel melt. The composition 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 %n is not consideced indicative of two or
more materials at this tim-

'

3.2 Hardness Determinations

t T9sts for material hat Jne ss and the hardness gradient in the ring
thickness direction were made on the larger of the two pieces left !
over from the corner cutout af ter 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 cm (1/4 in.) beneath the
0.D. surface. liardness readings a"e listed in Table 2. lie r e , GEB-1
and GEB-2 are observed to have comparable hardness levels and
profiles. GEA-1 and CEA-2, on the other hand, have a small hardness
dif f e r enc e , especially at test depths no. 3 and 4. No particular
significance can be attached to this difference at this time.

3.3 Microstructure Examinations I

i

Microstructures of GEA-1, GEA-2, GEB-1 and GEB-2 are shown in Figs. 4, <

5, 6 and 7 respectively. Through-thickness determinations were made !
1

for GEA-1 c nd GEB-1; only the 3/4T position was examined for GEA-2 and !

GEB-2. In general, the structures illustrated are tempered upper
bainite or tempered vpper bainite in combination with free ferrite.
For both the GEA-1 and GEB-1 materials, a t hrough-i hickness gradient

'

is apparent in terus of the amount of free ferrite present. While
absent at the 3/4T and surface loc a tion s, a significant amcunt of
ferrite is present at midt hic kne s s . A1.o note that GEA- shows a

[
greater proportion of this consitiuent than GEB-1 which infers a i

slight dif ference in their primary heat t rea t n.e nt history (o- original
section size). On the other hand, the structures of the TEA-1 snd
GEB-1 are quite similar at <he 3/4T (and presumably, t to 1/4T)

| location. In contrast, the structure of CLA-2 shows a greate t propor-
tion of ferrite, compared to CEA-1 at the 3/4T location. this could4

' ,

be due to local banding and is being investigated further. '

,

The mic ros truc ture s of the base metal portions of the three HAZ C; y
surveillance specimens are currently being established and will be
compared to t he. s e of the archive ras t e rial s . As noted ab ove , the.

specimen re pr e se r.t top surface, 1/4f or 3/4T thickness positions in
f the veldment mede for the vessel surveillance program.

3.4 Strength _ Determinations

'le n s ile strength determinations (1/4T loc ation) are sum.marin d in
Table 3. In general, a major dif f erence between axial and

j

A-3
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Table 2 In-Depth Hardness of KRB-A Archival M iterials

Test Hardness (Rockwell-B) !
Position l

GEA-1 GFA-2 GEB-1 GEB-2 I

l

1* 94.9 93.2 92.8 93.5 93.7 91.9 91.6----

2 94.9 94.1 92.4 93.3 93.0 93.2 92.1 92.1

3 94.8 94.8 90.5 90.3 92.0 91.7 91.4 91.9

4 92.0 90.7 89.9 88.7 91.2 91.9 91.6 92.1

5 89.8 89.1 85.3 89.3 90.6 91.6 89.3 89.9

6 90.4 91.0 90.5 90.6 91.8 90.5 so.8 90.9

* 1/4-in. below 0.D. surf ace

i

r

1

, .
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Table 3 Amblest Temperature Tensile Properties of Arch..e Materials

Material Orientation Specimen Yield Strength * Tensile Strength Elongation Reduction of Area
Code Number in 12.7 mm

(MPa) (kst) (MPa) (ksi) (%) (%)

CEA-1 Axial T1 507 73.5 652 94.5 36.2 61.6
T4 514 74.5 658 95.4 37.2 61.1

DCMFL TS 507 73.6 648 94.0 40.0 66.8
78 512 74.2 651 94.4 38.6 66.8

CEA-2 Axial T1 503 72.9 645 93.6 38.6 61.6
T4 492 71.3 651 94.4 30.8 57.6

>
0 CMFL T5 500 72.5 643 93.2
*

T8 487 70.6 643 93.2 34.8 62.6

CEB-1 Axial T1 461 66.8 620 89.9 41.4 64.8
T4 460 66.7 623 90.4 32.0 52.3

CMFL T5 478 69.3 625 90.6 44.2 68.3
TS 475 68.9 621 90.1 43.0 69.3

CEE-2 Axial T1 467 67.8 618 89.6 42.6 65.3
T4 471 68.3 621 90.0 38.4 66.8

CMFL TS 464 67.3 617 89.5 42.8 69.1
78 467 67.7 620 89.9 43.0 69.3

* 0.2% of fset (5 74w gage diameter specimens)
b

CMFL = Circumferentisi
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|
circumferential (GMFL) test orientations was not observed for any of
the four arc hive materials. Also, good agreement between properties

| of GEA-1 vs. GEA-2 and between properties of GEB-1 and GEB-2 is -

I found. A significant difference in yield and tensile strengths,
| however, is noted on comparing GEA-1 and GEA-2 vs. GEB-1 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
i dif f erence 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 voted that the
I rings show evidence of rough machining, presumably f rom steps taken to

make the rings "round" after fabrication. The depths of machining
cuts on the 0.D. and I.D. surfaces differ between GEA and CEB as
pointed out in Figs. 1 and 2.

t

3.5 Notch Ductility Determinations i

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 some.rha t
higher upper shelf level consistent with their iower yield strength. '

The dif ference is more apparent in the axial orientation data.

| In Figs. 8 and 9 the data developed for GEA and GEB are also compared
to 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 RAZ surveillance specimens. Figure 10 shows the :

l results in relation to the data reported for the surveillance 6

| program. Again, a good correspondence is found.

i

4. SUMMARY I
i

Two archive, forged rings carrying the stamp "KRB VESSEL" and contain-
ing a circumferential weld were acquired from GE-Vallecitos for the L

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, i

strength and notch ductility properties for each of the base metals.
The results 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 ductility, hardness and composition. Results for these speci- i

. mens agree well with prior data for the vessel surveillance program's
i HAZ material. In addition, the hardness and composition of the

,

| surveillanc e spec imens (ba se metal portion) agree with MEA findings
'

f or the archive materials GEA and CEB.

I
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Table 4 Charpy-V Notch Ductility of Archive Materials

i

.l
Material Orientation Specisen Temperature Energy Expansion-

Code M er,

(*C) (*F) (J) (f t-lb ) (mm) (mils)
'

t

!
l

4 !
CEA-1 Axial 16 -40 -40 15 11 0.254 10 |

(Code A12) 7 -18 0 34 25 0.584 23

j 5 -1 30 41 30 0.711 28

) 3 24 75 53 39 0.940 37
i

9 49 120 92 68 1.397 55

1 93 200 % 71 1.626 64
1

Y
j $ CMFI * 32 -40 -40 24 18 0.406 16

; 21 -18 0 29 21 0.432 17

j 20 -1 30 61 45 0.914 3o
3

19 24 75 92 68 1.346 33

22 49 120 123 91 1.676 66,

18 93 200 134 103 1.803 71;

1

*CMFL - Circumferential Orten;;stion4

>

!

,

i
I

i
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Table 4 (Continued) Charpy-V Notch Ductility of Archive Materiolo
|

Material Orientation Specimen Temperature Energy Expansion j

Code Number !

(*C) (*F) (J) (f t-lb ) (ma) (mils)

CEA-2 Axial 16 -40 -40 18 13 0.229 9

(Code A22) 7 -18 0 24 18 0.432 17

5 -1 30 34 25 0.610 24

3 24 75 61 45 1.803 71

9 49 120 84 62 1.321 52

1 93 200 88 65 1.346 53

CMFL* 32 -40 -40 11 8 0.178 7

21 -18 0 39 29 0.610 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

*CMFL - Circumferential Orientation

s i
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Table 4 (Continued) Charpy-V Notch Ductility of Archive Materials

Material Orientation Specimen Temperature Energy Expansion
|

Code Number
(*C) (*F) (J) (f t-lb) (mm) (alls)

1

1

GEB-1 Axial 16 -40 -40 23 17 0.381 15

(Code B12) 7 -18 0 37 27 0.660 26

5 -1 30 56 41 0.965 38

3 24 75 76 56 1.245 49'

9 49 120 110 81 1.727 68

1 93 200 108 80 1.651 65
i

CMFL' 32 -40 -40 42 31 0.559 22

[ 21 -18 0 61 45 0.889 35
"

20 -1 30 65 48 1.041 41

19 24 75 107 79 1.626 64'

1 22 49 120 144 106 1.981 78

la 93 200 141 104 2.210 87

*CMFL - Circuaferential Orientction

i

_ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ , . _ _ _ _ _ _ _ _ _ _ _ _ . _ _ , _ _ _ _ _ . _ _ _ _ , . , - _ ~ _ . . _ - - _ _ _ _ , . _ . - .. ._ _ _ _ _ _ _ __.
- _
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Table 4 (Continued) Charpy-V Notch Ductility cf Archive Matcriclo

Material Orientation Specimen Temperature Energy Expansion

Code Number

(*C) (*F) (J) (f t-Ib) (mm) (mils)

GEB-2 Axial 16 -40 -40 24 18 0.457 18

(code 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 75 1.753 61

1 93 200 106 78 1.854 73

>
h; CMFL 32 -40 -40 35 26 0.533 21a

21 -18 0 50 37 0.868 34

20 -1 30 71 52 1.091 43

19 24 75 110 81 1.549 61

22 49 120 146 108 1.629 72

18 93 200 149 110 1.776 70

l
l

*CMFL - Circumferential Orientation

1



.
. _ -

TEMPERATURE ( F)
-100 0 100 200 300 400 500 600

1 1 3 8 8 i | 1

20 NiMoCr26 BASE METAL (ASTM C-L)

SURVEILLANCE DATA.

180 -
O,0 M N A E
e,s MEA DATA GEB

Lsioe 2
SIDE 1 UMRRADIATED

- 120

* 2i
$ IRRADIATED KRB-A I--

-
- 120 - g

+ 3.0 :4 0
>

'i > -80 yc

Q 0
t DC+ 22.5 '

e 560 *-

a -40

gC 41 J
*- o

*() x 10
.

* 218 n/cm
.

0 ' ' ' I I I I 1 ' ' O-80 0 80 160 240 320

TEMPERATURE ( C)

Fig. 8 Data developed for archive base metals (circumferential orientation) compared against
surveillance program data for the same orientation. Surveillance data for twoirradiated conditions are also shown.

. - _ _ - . - - . . - - . ._ . _ _ . - - . _ - - . . -- ,~ _ _ - . .



_ _ _ _ _ _ _ _ _ _ _ ____ ____________________ _-____ _ - _ __ _ __ _ _ _ _ __ _ _ _ _ _ _ - _ _ _ _ _ _ _ _

TEMPERATURE ( F)
-100 0 100 200 300 400 500 600

i i i e i i i a

20 NiMoCr26 BASE METAL

SURVEILLANCE DATA (ASTM C-L).

* ~ O,0 RE.A DATA GEA q (#8* '<'
e g AEA DATA EB h

L oe 2 - 120
S10E 1 .UPERADIATED

_

$IRRADIATED KRS-A -

_ b3120 -10*- O
-

3
- 809 qL y

$k ' 22.s*
O-

g g ga .

W 68 J Z
0 W80 -

t o - 40

41 Jvg
._ -

* @ x 10
218 nicm*

; ,

' ' ' ' ' ' ' ' i 1 00
-80 0 80 160 240 320

TEMPERATURE ( C)
Fig. 9 Data teveloped for archit e base metals (axial orientation) compared against surveillance

program data for the circumferential orientation. Surveillance data for two irradiated
conditions are also shown.

__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ -. .- __ _ _. _ _ _ _ _ __



. _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _____ - ______________________ - - _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Table 5 Charpy-V Notch Dxtility and Urdness of Surveillance Program Material (Melt 931 131)

Specimen Orientation Thickness Temperatu.e Energy Expansion Shear Base Metal
s

4

Number Location Hardness

(*C) (*F) (J) (f t-lb) (mm) (mils) (%) (Rockwell B)

D7M TL Top Surface -20 -5 30 22 0. 7n.1 8 25 92.2, 93.7

Y
Z D6E TL 1/4 7 90 195 87 64 0.813 32 100 91.6, 92.1

D7Y TL 3/4 T 10 50 42 31 0.457 18 44 92.6, 92.7

* Transverse to rolling direction

. _ _ . ,_ - _____ _ _ __ _ _. _ . _ _ _ , . . _ _.
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i

!

i Dif f erenc e s in base metal yield strength and tensile strength were
i found on coraparing CEA vs. CEB. Likewise, differences in C notch !

ductility between the base metals of GEA vs. CEB were noted. In
particular, upper shelf energy levels for the axial test orientation
were not 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 Lie proper- I

ties. Thus, the selection of the base metal for the balanc e of the i
program reduces to two choices that forming ring CEA or that forming

,

ring CEB. Since the base metal remaining from CEA is a very small !

quantity, ring CEB should be the choice for the continuing program if
p

at all possible.
!

i
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Tabis 3 1 Cutting Diagrass Provided in Appendix 3 t

f
Drewina No. Title f

433.C0 5000 Rev. O KRA.A Matt. Piece CES Cutting No. 2
433.CO.5001 Rev. 1 KRs.A Matl. Piece CEA Cutting No. 2

ij 433.CO.5002 Rev. 2 KRA.A Matl. Piece CES (Side 2) Cutting No. 3 (' 433.CO.5003 Rev. O KRS.A Matl. Piece CES (Side 2) Cutting No. 3 j433.CO.5004 Rev. 1 KR3.A Matl. Piece CF,8 (Side 2) Cutting No. 4
;

433.CO.5005 Rev. 0 KRS.A Matt. Piece CES (Side 2) Cutting No. 5 !
1 433.CO.5006 Rev. O KRB.A Matt. Piece CES (Side 2) Cutting No. 6 [*

433.C0 5008 Rev. O KRS.A Matt. Piece CES (Side 2) Cutting No. 7, !
Piece A !

433.C0 5009 Rev. O K Matl. Piece CES (Side 2) Cutting No. 7,,

Piece &4

] 433.CO.5010 Rev. O KRB.A Matt. Piece CER (Side 2) Cutting No. 7, !
{ Piece C i

433.CO.5011 Rev. O KRR.A Matl. Piece CES (Side 2) Cutting No. 7, {
;

] Piece D ;
; 433.CO.5012 Rev. 2 rJ.A Matt. Piece CES (Side 2) Cutting No. 8 jJ 433.CO.5014 Rev. 1 KRE.A Matl. Piece, CES (Side 2), Mods, to

}! Cutting No. 7 and 8. 1
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THROUGH-THICKNESS MECHANICAL PROPERTIES OF KRB-A
ARCHIVE STEEL FORGING GEB

J. R. llawthorne

1. " '"'ROUND,

MEA has ,e task of irradiating and evaluating Gundremmingen reactor
ahival materials in support of NRC research on long-term,vessel :

r

in-service .rradiation effects. MEA's results, together with determi-

nations by Staatilche Materia 1Pruefungsanstalt (MPA) of the Federal
Republic of Germany (FRG) on materials trepanned f rom the KRB-A vessel
.tself, will be analyzed for the ef fects of neutron exposure rate and
through-thicinsss damage attenuation. The ef f ects of steel composi-
tions and the correlation of Charpy-V (C ) notch ductility vs.y
fracture toughness vs. strength will be examined. The joint program
will also investigate properties recovery by postirradiation heat
treatment. The HEA 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 vas 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 pieces of weldment identified by stamp markings as
"KRB Vessel" were acquired from the General Electric Company (GE) -

Vallecitos site. Each of the pieces is a ring segment. One weighing
approximately 7050 kg (3,200 lb) contains a circumferential seeld
deposit located at the half-height of the ring; the second, weighing
only 990 kg (450 lb), also contains a ci cumferential weld. The weld
in 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 r+ sport, GEA and GEB are
termed "archive ma'terials." 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.

Initial 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 Ref erence 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-1 and GEB-2 materials were
found but may be a reflection of an (unknown) difference in heat
treatment between the two ring segments. More important to this

07oun c(cm: eau.WOMAY. WN MMMMO PWOO w . AW SUN
C-2
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1

|
|

'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 t

the base materials are representative of the vessel forging as first
placed in service.

!

2. APPROACH
i

The research plan called for a phased approach to the qualification of |

the materials from GE. Phase 1 focused on the determination of base
metal chemistrias, hardness levels and gradients through the thickness ,

Iand microstructu,9 determinations at pointo corresponding to the I.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 -

i standard Charpy-V (C ) and 5.74-mm (0.226-in.) gage diameter tensile
y/4T location in each of the materials. Thespecimens from the 1

specimens were removed in two testing orientationst axial and circum-
ferential. The Phase 1 and Phase 2 findings are documented in
Reference 1. The Phase 3 effort, reported here, assesses the through-

3

thickness properties of the GEB-2 material selected for the continuing
,

' investigatione. The iaformation acquired on property gradients was to ;

provide one basis for choosing one material thickness location for the ,
,

subsequent (MEA) irradiation tests. |
r

! Properties evaluated in Phase 3 were notch ductility, tensile
'

strength, and static frasture toughness including J-R curve
1 behavior. Test procedures f or the 0.5T-CT specimens are described in
: Reference 2. Tests were in conformance with ASTM Standard Methods

E 8, E 23 E 399, and E 813 as applicable to the individual methods
.! and test conditions. i

i !
t

fi 3. SPECIMEN Bl.ANKING AND MACHINING

Figures 1, 2, and 3 are cutting disgrams used for the acquisition of
the specimen blanks. Not all blanks indicated were used for the-

development of through-thickness propertien. The renainder are being i.;

applied to irradiation test needs. Note that the axial ' weak) test i
orier.tation is depicted throughout; the ASTM Met. hod E 399 defines '

;j

this orientation as orientation code C-L.

j Insiividual 0,,ecimens were machined in accordance with MEA drawings
MEA-CO-5002 Rev. 3, MEA-Cl-5001 Rev. 1 Type 2, or HEA-A0-5005 Rev. 0
(see Figs. 4, 5, and 6). The 0.5?-CT specimens were fatigue
precracked fnr a distance of 1.78 mm (0.070 in.), corresponding to an

'

a/W ratio of 0.5. The Kg (maximum) for the entire distance of f atigue
j crack growth was less than 22 MPa/m (20 ksi/IR~). The CT specimens ,

i selected f or testing in the upper shelf temperature regime were side
i grooved by 20% (10% each side) using a Vee-shaped cutter having the

contour of the C specimen (see Fig. 4).y

i

, ,

a
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4. RESULTS
P

The experimental results are listed in Tables 1 through 6. The Cy
data are illustrated in Fig. 7; K toughness determinations via CT ;y

'
tests are summarized in Fig. 8. J-R curves from tests of the four

'

thickness locations at 66'C (150*F) are compared in Fig. 9.
!

Referring first to Table 1, the tensile strength determinations show a
high degree of uniformity through the thickness. The difference in j
yield strength between the near surf ace locations (1/8T and 7/8T) and L

the midthickness location is less than 21 MPa (3 ksi); the dif ference {
,

in tensile strength between the two thickness positions is even !

less. Accordingly, the presence of free ferrite in the microstructure !'

of the midwall location and absence of this component in the near

j surface location (Ref. 1) did not have a significant effect on
material strength. |

The C notch ductility determinations also revealed a high degree ofy
uniformity through the thickness (see Fig. 7). A good correspondence ,

,
of properties between the 1/8T- and the 7/8T-thickness positions again 4

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 f t-lb) is f
found; above this level, the energy absorption curveo 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 i

apparent C upper shelf levels (103 J (76 f t-lb)] and nearly the same !
, y

| C 41-J transition temperatures (-29'C (-20*F) vs. -18'C (0'F)].y

1 The results of through-thickness 0.5T-CT specimen tests generally ,

:
support the C and tensile test indications. Referring to Fig. 8, the |y
K transition indications for 1/8T vs. 1/4T are displaced by about '

y '1/'C (30'F). Although aomewhat greater than that observed in the Cy
results, the displacemerit may be due to the greater thickness of the
0.5T-CT specimen. With this specimen, its greater thickness would ,

{ encompass a greater proportion of "near surface" material than the C |y
(see cutting diagrams). Such material could be expected to have a ,

.

lower transition than the material closer to the central region of the j*

i 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 illustrated 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 for the range of interest

(-140*C (240*F) to 288'c (550'F)] are scheduled for Phase 4. These
data are expected by July 1986 and will be included in MEA's monthly |

lprogress report to the sponsor.

C4
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S. SUMMARY |

i.

The tensile strength, notch ductility, and fracture toughness of
|

material code CEB-2 has been determined for 1/8 , 1/4T , 1/2T , and i

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 kai). Differences in

i

transition temperature indexed to the C 41-J energy level and to the'

y
K 100-MPa/m toughness level are on the order of 11'C and 17'C, jy
respectively. Upper shelf levels measured by C or CT test methods ;y

j were the same for the four thickness positions. j
i.

Based on the findings reported here, MEA proposed that the 1/8T thick- |
ness position be used for the irradiation investigation (Ref. 3). In
the vessel itself, this layer would have received a greater service-

,

induced fluence than the 1/4T layer and, additionally, would better
represent the small flaw case in PTS. This suggestion was accepted by t

the NRC (Ref. 4) or. Jan. 30, 1986.

L

I
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Table 1 Tensile Properties of Code GE5-2, Axial Orientation
(5.74-mm diameter, 12.7-am gage length)

Thickness Specimen Tensile Yield Streagth Elongation Reduction

Location Number Strengtn (0.2% offset)

(MPa) (ksi) (MPa) (ksi) (I) (%)

1/8T GES-T9 633 91.3 488 70.8 38.4 61.1

CEB-TIO 633 91.8 488 70.8 39.6 65.4

1/4T GES-T1 618 89.6 467 (7.8 "" 6 65.3.

e

C CEB-T4 621 90.0 471 68.3 38.4 66.8

a
1/2T CEB-Til 621 90.0 472 68.4 23.4 57.3

CEB-T12 621 90.0 467 67.8 40.6 61.6

7/8T CE5-T13 629 91.3 488 70.8 40.8 65.9

GEB-T14 631 91.6 488 70.8 40.0 66.4

* Failed in gage mark

. _ _ - _ _ . . __
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Table 2 Charpy-V Notch Ductility of Code GEB-2 Axial Orientation3

Thfekness Specimen Test Energy Lateral, Shear
Layer Number Temperature Absorption Expansion

(*C) ('F) (J) (ft-lb) (um) (alis) (%) |

1/8T 36 -1 30 62 46 0.940 37 --

37 -57 -70 24 18 0.305 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 -1 30 62 46 0.533 21 47
46 49 120 104 77 1.9 56 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 41 0.559 22 35
40 93 200 107 79 1.981 78 99
41 49 120 103 76 0.868 34 100
42 24 75 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 74 75 80 59 1.245 49 --

9 49 120 102 75 1.753 61 -,

1 C3 200 106 78 1.854 73 100

1/2T 50 -1 30 48 35 0.762 30 --

51 -57 -70 16 '12 0.178 7 16
52 -40 -40 29 21 0.432 17 --

63 -18 0 43 32 0.457 18 34
64 93 200 90 66 0.8 38 33 100
65 -1 30 57 42 0.508 20 44
66 49 120 90 66 1.524 60 --

47 -23 -10 33 24 0.584 23 --

48 -79 -110 11 8 0.127 5 0
49 -40 -40 19 14 0.254 10 --

59 -18 0 27 20 0.330 13 34
60 93 200 90 66 1.549 61 99
61 49 120 81 60 0.762 30 100
62 24 75 84 62 1.295 51 --

7/8T 56 -1 30 57 42 0.8 38 33 --

57 -57 -70 30 22 0.279 11 16
58 -40 -40 33 24 0.559 22 --

71 -18 0 46 34 0.483 19 56
72 93 200 100 74 0.868 34 100
73 -1 30 66 49 0.584 23 50
74 49 120 98 72 1.346 53 99
53 -29 -20 37 27 0.635 25 --

54 -79 -110 11 3 0.102 4 0
55 -40 -40 31 23 0.457 18 --

67 -18 0 53 39 0.559 22 35
68 93 200 104 77 1.9 30 76 100
69 49 120 ill 62 0.940 37 100
70 24 75 92 68 1.499 $9 --

C-16
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Table 3 J-R Q2rve Results for Code &B (Side 2)
(Axial Orientation, Layer 1/8T)

..

i

Specimen Test (a/V),8 g 3 M- J K K Tb c
p p Ic Jc gc 8vg 'f oy|

Mm:ber Iceperature
MEA ASIM MEA ASTM EA

2 2
(*C) (*F) (usa) (ass) (cum) (kJ/m ) (kJ/m ) (MPad) (MPaM) (MPa/5) (MPa) (MPa)

#1

CEB2-A6 -140 -220 0.509 8.9 46.0 45.5 43.4 - 773.9 703.2d

GE32-A13 -118 -180 0.508 26.0 78.2 65.3 61.4 - 738.0 667.4

CE32-A4 -90 -130 0.502 3(.. ! 91.8 60.1 64.8 - 695.9 625.3

CEB2-A15 -76 -105 0.509 36.2 91.7 52.6 63.8 - 676.! 605.7

! CEB2-A2 -68 -90 0.517 67.8 125.4 59.6 72.9 - 665.8 595.0
\ o

E. CEB2-A14 -57 -70 0.515 63.7 121.5 50.8 70.9 651.7 560.7-
'

% 638.3 567.1
CEB2-Al -46 -50 0.502 121.6 167.5 56.4 79.8 -

CEB2-A3 -34 -30 0.516 165.7 195.3 59.3 83.4 - 624.4 552.9

CE32-A5' -18 0 0.509 137.4 118.1 177.3 164.4 - 607.0 535.0
f

CEB2-A18' 65 150 0.525 6.05 5.72 -0.33 129.2 127.4 170.0 168.3 99 538.6 463.0

CEB2-A17* 177 350 0.522 6.53 6.19 -0.34 81.7 81.5 I?3.0 132.9 115 504.5 420.2

f

CEB2-A16* 288 550 0.514 6.09 6.04 -0.05 117.4 110.5 156.9 152.2 56 536.4 439.5

d
* Pretest a/V Crack growth predicted Cleavage failure precluded * Side grooved by 20%C

I
Measured crack growth by compliance determination of this quantity Valid Jge, per ASIM E 813-81b

i

_. __ __ _ __ . _ _ . - _ _ _ _ _ - . -

. _ _ . _ _ _ _ _ _ _ _ _ _ _ .
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Table 4 J-R Qarve Results for Code CEE (Side 2)
(Axial Orientation, Layer 1/4T)

1

|

Speciam Test (a/W)o* ?N Ct.n aa g J K gc T,yg of op p 1c ycMxber Tmperature y
i MEA ASTM MEA ASIM MEA

I (*C) (*F) (m) (m) (m) (kJ/m ) (kJ/m ) (MPa6) (MPa6) (MPa6) (MPa) (MPa)
2 2

! dCE32-B13 -113 -180 0.506 11.9 52.9 51.3 47.5 726.4 653.5-

"

CEB2-E27 -107 -160 0.504 19.6 67.8 59.9 55.3 707.9 634.3-

CE32-54 -W -130 0.497 33.6 88.6 58.1 62.7 680.6 606.1-

CEE2-B15 -76 -105 0.517 28.8 81.9 52.9 59.2 - 659.5 584.2
g CE32-B2 -63 -90 0.506 38.8 94.9 58.1 63.0 '

647.9 572.2-

5 CE32-B14 -57 -70 0.507 20.1 68.2 50.5 52.5 632.7 556.4-

CE32-326 -57 -70 0.526 81.2 137.1 45.1 72.8 - 632.7 556.4
j CE52-B1 -46 -50 0.506 63.9 121.5 56.1 68.1 618.2 541.3-

CEB2-B25 -M -30 0.510 80.6 136.1 50.6 70.2 603.2 525.7-

) CEB2-36 -29 -20 0.509 118.2 164.7 56.1 75.2 597.2 519.5-

) CEB2-35 -13 0 0.505 141.0 179.7 53.7 76.5 584.5 506.3-

CEB2-53* -7 20 0.504 177.7 169.5 201.3 196.6 572.6 493.8-

) CE32-B18* 65 150 0.519 5.40 4.97 -0.43 152.2 132.9 184.5 172.4 125 512.6 430.7
f

CER2-B17* 177 350 0.516 6.04 6.03 -0.01 98.0 83.5 145.7 134.5 84 481.4 395.6
f

CEB2-B16* 288 550 0.521 6.14 6.05 -0.09 82.5 84.l 131.5 132.8 62 525.2 436.7
f

* Pretest a/W dC Crack growth predicted cleavage failure precluded Side grooved by 20%C
Measured crack growth by compliance determination of this quantity Valid Jge, per ASTM E 813-81

I

_ -. . - --.. . .,. . ~ . - - . _ _ - - _ _
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I Table 5 J-R Qarve Beer 2s for Code CEB (Side 2) ;

I (Axial Orient :lon, Layer 1/2T) |
1

Specia.5 Test (aN)," an ,b 3,p as -aa, J K K T,,g of oc
p ge yc ge y

i Number Temperature
; PEA ASIM PEA ASTM PEA

2 2
(*C) (*F) (un) (mm) (san) (kJ/m ) (kJ/m ) (yp, ,) (yp, ,) (,,,g) (yp,) (,y,)

_ _ _

d 12.5 54.3 52.4 48.3 721.6 652.2
CEB2-C13 -118 -180 0.509 -

GEB2-C4 -90 -130 0.5I2 23.0 73.2 53.3 56.8 677.7 607.4.
,

i CEB2-C15 -76 -105 0.502 25.5 77.0 36.8 57.4 657.4 586.7
i

i CEB2-C2 -68 -90 0.511 51.6 109.4 60.2 67.4 646.- 575.3

-57 -70 0.524 - 65.1 122.8 49.6 69.8 631.6 560.3
;, y CEB2-Cl4

CEB2-Cl -46 -50 0.520 74.3 131.0 55.9 70.7 617.6 545.9'

603.2 531.0-CEB2-C3 -34 -00 0.505 135.7 176.7 47.7 78.3 -

2B2-<6 -29 -20 0.515 185.3 206.3 54.5 82.4 597.4 525.1'

i CEB2-C5* -7 20 0.515 6.10 6.12 0.02 167.0 167.c 195.2 195.3 78 573.6 500.4

; CEB2-C18' 65 150 0.510 6.36 5.85 -0.51 155.5 159.4 186.5 188.8 99 515.0 438.6
,

f
j CEB2-C17* 177 350 0.509 6.65 6.17 -0.48 115.4 120.l 158.1 161.3 73 482.3 399.7

f
CEB2-C16* 288 550 0.498 5.92 6.23 0.31 110.2 99.5 152.0 144.4 53 520.2 429.8

<

C d* Pretest a N Crack growth praticted Cleavage failure precluded * Side grooved by 20%
f

i Measured crack growth by compliance determination of this quantity Valid Jge, per ASTM E 813-81
|
2

i

:
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Table 6 J-R Ostve Results for Code CEB (Side 2)
1 (Axial Orientation, Layer 7/8T)
1

i
:

Specimen Test (a/W),8 an ,b 3,p 3,p_3 y g K T
c

g Je ge ayg of aNusdaer Temperature y
i EA ASTM EA ASIM EA

('C) (*F) (sum) (sum) (sms) (kJ/m ) (kJ/m ) (MPa a) (MPa a) (Mad) (MPa) (MPa)
2 2

i

; CEB2-E13 -118 -180 0.499 d
16.8 62.8 62.9 53.8 736.5 670.7

| CEB2-E5 -101 -150 0.502 29.7 83.5 61.1 62.6 709.3 643.0f

i CEB2-E4 -90 -130 0.515 64.1 122.4 57.7 74.2 692.5 626.0|

| CEB2-E15 -76 -105 0.504 70.0 127.6 58.9 74.2 672.3 605.3
n$

{ h GEB2-E2 -68 -90 0.520 63.6 121.5 38.7 71.9 661.2 593.9j CEB2-E14 -57 -70 C.509 126.1 170.9 50.6 81.5 646.5 578.91
i CEB2-E3 -51 -60 0.507
I

161.0 192.9 51.1 84.6 638.8 570.9-

CEB2-E! -46 -50 0.516 170.5 198.4 50.9 85.0 632.5 564.5

"

i CEB2-E6 -29 -20 0.510 174.5 200.1 612.3 543.6
GEB2-E18' 65 150 0.515 6.43 6.25 -0.18 134.2 134.4 173.3 173.4 114 129.9 457.1

- - -

CEB2-E17' 177 350 0.502 6.46 6.21 -0.25 108.5 104.2 153.3 150.3 69 497.2 418.2 .

f

CEB2-E16* 288 550 0.506 6.16 6.!O -0.36 89.9 88.5 137.3 136.2 53 535.0 446.4
f

i

i
i

a Pretest s/W C 0Crack predicted Cleavage failure precluded * Side grooved by 20%
b Measured crack grwh by compliaa w determinatice o' this quantity Valid Jye, per ASIM E 813-81

I

i

I

1

i

'
:
i
!
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APPENDIX D

Daily Operating Temperature Records:
Irradiation Experiments UBR 68, UBR 78, UBR-70A, UBR 80A
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Operatinz Tersperature Records for UBR.68

(Capsules A and B)
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Fig. D-1 Thermocouple Placements on Compact Tension Specimens in Capsule A (UBR-68).
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Fig. D-2 Thermocouple Placements on Charpy-V and

{ Tension Test Specimens in Capsule B (UBR-68).
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1 MATERIALS ENGINEERING ASSOCIATES, INC..
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V*, N, CTURAL INTEGRITY TECHNOLCX3Y,

J, . . ) . . , YV4XiCN FATtGUE * FRACTUFE MECHANtCS TESTLNG * IFF%CLATCNS
!

f g g yjjy y IMPERATUR2 PERFORMANCE RECORD j

EXPERIMENT l' 'J: Vdhd3,Ah_DATE: 5,4-86 OBSERVER KCM

TCt TEMPERATUR*43

UNTT UNIT B UNIT C

1 529 1 54 6 I
i

'
2 535 2 559 2

3 549 3 ss2 3

'
4 s54 4 ut 4

5 sss 5 us 5 t

i
6 sgo 6 550 $

,

7 560 7 ssi 7__
8 556 8 sai 8

9 333 9 564 9

10 50V ?) 10 uo 10

i il 548 e il sss 11 ,

12 J 43 12 un 12
'

13 13 ss3 13
!

i

14 _ 14 556 14

f15 15 553 * 15

16 16 534 16
|

* = CTC * = CTC * = CTC }

TEMPS TAKEN AT: A 1850 B 1914 C

AVERACE: A 544 5 553 C ,

l
) (Encluding CTC)

f

D-5

0700 0 GECAGE PALME A MtGHWAY LAND 4AM, MARYL.ANO 20706. l e37 USA * (3Q1) 577 9490
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' MATERIALS ENGINEERING ASSOCIATEG, INC

'a ; STRUCTLJRAL INTEGRITY TECHNOLOGY
(,;.,,,, CCf4CGICN PATIGUE * FRACTLMI WCHANICS TESTitC * tr4%DATUC-

'

E1FERIMENT TEMPERATURE PERTORMANCE RECORD

EXPERIMENT NUMBER: UBR 68 A.B DATE: 5.5-86 OBSERVER: DAS
.;

TCt TEMPERATURES . *F
;

J, NIT & UNIT 3 UNIT C
,

1 536 1 54 3 1

2 534 2 560. 2 ,,,,,

3 ss? 3 461 3

'
4 ut 4 s60 4 ,

|

,
_

.% ss9 5 _,5 ssa

; 6 sit 6 s47 A '

,

,

) 7 ssn 7 ut 7

I
8 557 8 561 8

9 54 1 9 563 9
-

t

; 10 s21 (7) 10 559 to >

11 ssa * 11 556 11

E 12 12 12-.

P

13 13 sao 13

1 14 14 sss 14
'

o

! 15 15 sso * 15

'

16 16 su 16
_

CTC* = CTC * = CTC * =

TEMPS TAKEN AT: A 0901 5 0847 C

J AVERACE: A 54 9 3 554 C

(Excluding CTC) -

|

D-6

9700 0 GECAGE PALMER >eGNWAY LANHAM. MARYLANO 207061037 USA * (3 Oil 577 04DOa
,
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QfCO. ; MATERIALS ENGINEERING ASSOCIATES, INC. I

t di M STAUCR)RAL INTEGAITY TECHNOLOGY'

[.[Qg.1 CCAAcrSICW FATICRE * PRACT\.F4I PMCHANICS TESTsh4 * tr4NTCNG-
,

1

i

EXPERIMENT __ TEMPERATURE PERFORMANCE RECORD

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

,

TCt TEMPERATURES, *T
'

'
,.

UNIT A UNIT 3 UNIT C |
<

1 _ __ 536 1 54 5 1

2 534 2 560 2 I

I 3 _. S ',7 3 560 3

1
'

4 562 4 sso 4
_

5 557 5 sso 5,

|
I 6 571 6, se g _. 6

7 sso 7 sa? 7,

8 556 8 562 8 -

!
9 sa ? 9 sA9 9 I

(
10 531 10 559 10 l

1

!! 555 * 11 557 11 5

i
j 12 12 12- -

j

13 13 542 13 [
l'

14 14 sss la j

!
15 15 ss t * 15

J |
16 16 sig 16 ,

'

i
* * CTC * = CTC * * CTC I

-

TEMPS TAKEN AT: A nets B es4B C
|'

i

AVERACE: A 550 3 555 C ;

{ (Excluding CTC)
!

:
l

) D-7
9700 0 GECAGE PALME A ><GNWAY. LANHAM. MAAYLANQ 207C61837 USA * (3 Oil 577 9490 i

f
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MATERIALS ENGINEERING ASSOCIATES, INC.g
.

STRUCTURAL INTEGRITY TEC>NOLOGY>),

| ). . Q,_ CCyWORICW l'ATV3UE * P9%JTLF4 PACHANCS T1ESTN3 * INTCNS-

ERFERIMENT TEMPERATURE PERFORMANCE RECORD

EXPERIMENT MUNBER: UER 6A A.E DATE: s-7-as CBSERVERt ,nAt

TCt Tf.MFERATURIS . 'T

UNIT A UNIT 3 UNIT C

i 537 3 541 1

2 537 2 558 2,j

3 559 3 560 3

4 564 4 559 4

5 558 5 559 5_
6 572 6 54 7 6

7 550 7 562 7_
8 557 3 561 8

9 54 4 9 563 9

10 $29 10 558 10 _

11 555 * 11 556 Il

121212 --

13 13 538 13*

14 14 ssa 14

IS 15 un* 15

16 16 534 16-

* = CTC * = CTC * = CTC

TEMFS TAKEN AT: A 1149 5 1300 C

AVERAGEt A 551 3 554 C

(Emeludi.ng CTC)

D-8
9700 8 GEOAGE PALMER >*GHWAY. LANHAM, MAAYL.ANO 207C61837 USA 0 (3Q1) 577 9400

_ _. . . .
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|

% f .)f t MATERIALS ENGINEERING ASSOCIATES, INC i

' . . '( STT4JCTTLJRAL INTEGRITY TEC>NOLCX3Y l
'

j,,S COVGON FATIGUE! * F4%CTLAR PMCHANCS TESTibG * IARACKATICN3-

|

|

IIFERIMENT TEMPERATURE PERFORMANCE RECORD !
!

?
1

EXPERIMENT NUMBER: UBR 68 A,3 DAtt 5-8-86 OBSERVER: DAS [

i

I i
TCt TEMPERATURES, 'T !

i !

! _ UNIT A UNIT 3 UNIT C
I

f

| 1 539 I 54 2 I j. . ,

;
,

i 2 547 2 559 2 i

!-,

f3 559 3 560 3

4 564 4 560 4

1

5 558 5 559 5
'

!a

6 571 6, 547 6 |,

J i

j 7 551 7 562 7
[_

i

! '8 559 8 __ $ 6.' 8

f9 344 9 564 9
'

!

10 s31 10 560 10 j

ll me 11 558 11 ;
; i

j 12 12 12
[

- -

|
13 13 $39 13

|
I 14 14 555 14 f
1 '

15 13 551 * 15 _ _ ;__

16 16 535 16 _ _

j * = CTC * = CTC *a CTC

i

TEMPS TAKEN ATt A 0401 3 0853 C l
i

i AVERACEt A 552 B 334 C I
j (Excluding CTC)

'

!

,

) D*9
i

t

9700 D GECT.GE PAUAER b cOHWAY. LANHAM, MARYL.ANO EC7C6 i O37 USA e (301) 577 9400

: r
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q. . .. ,

17
f[., / MATERIALS ENGINEERING ASSOCIATES, INC.' ;

3

STRUCTURAL INTEGRITY TECHNOLCXW !d -
I

p -M ,, COFVCSION FATIGUE * FRACTU"E! MECHANCS TESTN3 * IARADATChG

EXPERIMENT TEMPERATURE PERFORMANCE RICORD

U SATE: 5-12-86 OBSERVER DASE 68 A.BEXPERIMENT NUMBER:

TC: TEMPERATURIS, 'T
'
,

j UNIT A UNIT 3 UNIT C
-4

1 541 1 532 I
:, -

i 't 54 l 2 54 8 2

3 558 3 551 3 ,

{4 564 4 553 4
|

-

5 574 5 556 5

l ~

6 6 544 6
'

t

7 569 7 553 7

r

8 560 8 556 8
>

9 538 9 558 9
i

i 10 10 551 10

* i
! 11 550 11 sst 11

l

121212 --

13 13 534 13
e

4

la 14 sss 14' '

| :
~~

15 15 sso * 15 -

|
;

16 16 su 16 ;'

* = CTC * = CTC * = CTC !

I
'

j TEMPS TAKEN AT: A 0830 B 0842 C

i

| AV EP. ACE : A 555 3 548 C !

i (Excluding CTC)
1

i

D-10 [

i
,

D700 0 GECAGE PALMER >*GHWAY. LANHAM, MARYLANO 207C61037 USA * r3Cil 577 9490 I
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r QJ MATERIALS ENGINEERING ASSOCIATES, INC i.

|> C STRUCTURAL INTEGAITY TECHNOLOGY
'

Mk CCFFCGICN FATICiUE * FRACTUAE PMCHANICS TESTING * IFWMDATCNS
,

! :

EXPERIMENT TEMPERATURI PERTORMANCE RECORD +

- i

i

EXPERIMENT NUMBER: UBR 68 A,3 DATE: 5-13-86 OBSERVER: DAS
i

TCt TEMPERATURES. *F

UNIT A UNIT 3 UNIT C

1 531 1 532 I
t
'

2 528 2 54 9 2
r

l
3 s41 3 551 3 ;

. t

l 4 sst 4 553 4

:

$ sAs 5 ss? 5

i

5 - 6 sa s 6 t
t

) 7 set 7' 551 7

.' !

fP s&A 8 557 8

i 9 s9m 9 558 9 ;
'

I
4 10 _ ~ 10 551 10 '

r

]
11 534 * 11 551 11 }

1 i
j 12 12 , 12 ;--

,

13 _ _ 13 533 13

14 14 556 14j

15 _ 15 ss t * If f

i
16 16 536 f. t

* = CTC * = CTC * * CTC |
l

TEMPS TAKEN AT: A 1609 3 1606 C |,

I t
AVERACE: A 54 0 3 549 C

(Excluding CTC) i

.

|

I D-Il

I
'

s700-e cuence patven -ceiv. -Au. MAaYWO 207061837 USA * (309 3 577 9490
r
(

I
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#.;Qff ' MATERIALS ENGINEERING ASSOCIATES, INC,
.

\ STRUCTURAL INTEGAITY TECHNOLOGY;>
' '

(j CCfvCSCN FATICiUE * PRAC"TLFW MECHANICS TESTibG e IRRADLATCNS, , , , ,3

EXPERIMENT TEMPERATURE FERFORMANCE RICORD
,

i

EXFERIMENT NUMBER: UBR 68 A.B DATE 5-15-86 OlsERVERI DAS |

TCt TEMFERATURES, 'T <

r

UNIT A UNIT 3 UNIT C |

| | 534 I ssa I ;
,

1
2 327 2 54 9 2 |

i

3 us 3 ue 3'
1

^

4 555 4 552 4 i

i

I
. 5 565 5 554 5

6 568 6 544 6_ I

7 561 7 s48 7_
i

8 544 8 555 8 i

i

9 531 9 556 9

~

10 10 550 to (

'
.

il 534 * 11 550 11
,

121212 --
!

13 13 535 13 |
t

14 14 ss3 la t

I

15 _ 15 sso e 15 |
' i

_

16 16 sn 16 |

!* = CTC * = CTC * = CTC
I

TEMFS TAKEN ATI A 1530 3 is01 C ,

l AVERAGE: A 544 3 547 C
~' (Excluding CTC)

t

D-12i

l 9700-0 GECAGE PALME A M8GHWAY. LANHAM, MAAYL.ANO 207061837 USA * (3013 577 9490
,

i
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'
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'

| SftQF ' MATERIALS ENGINEERING ASSOCIATES, INC. j
Q STALCTURAL INTEGRITY TEC>NOLCX3Y ,,.

. L . Q. J_ CCAACISICN FATIGUE * PRACTURE NECHANICS TESTnNG * LARADATCNS f.
'

-

ERFERIMENT TEMPERATURI FERFORMANCE RICORD,

I
>-

EXPERIMENT NUMBER: URR 68 A.R DATE: 5-19-86 OBSERVER: _ Cl H f
.

TC T EMPERATURES . 'T !

| UNIT A UNIT 3 UNIT C
1

i .

; I 54 0 1 535 I t

I2 531 2 54 8 2

; 3 547 3 54 8 3

! 4 $$8 4 550 4 [
;

j 5 563 5 554 5 f

6 572 6 54 6 6

|

| 7 5 54 7 54 0 7 [
1 !
J 8 539 8 555 8 6

9 536 9 556 9 f
i
; 10 10 552 to !

-

!

11 s35 * 11 sts II
;

I,i

12 12 12 |- -

. f

1 t
j 13 13 ss7 13 i

d !

j I4 14 553 14 f
r

15 15 544 * 15.

l

| 16 16 537 16 I

i

('. * = CTC * = CTC * = CTC
,

i TEMPS TAKEN AT A 0815 5 0810 C !

!
3 AVEMCE : A 54 6 3 547 C '

.. ?udint CTC) '

503
1

- D-13 ..L
!<

* D700 0 GEORGE PALMER H3GNWAY. LANHAM, MARYL.ANO 207001037 US A 4 (301) 577 94 90
}
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1

Operatirit Temperature Records for UBR.78

(Capsule A) *

.

t

|.

,

I

i

i

:
.

I

I

t

!

?
i

1

i

f

i
t

' I

I
i

t

I

i

t

!
s

D-14
;

1

{

.. . - _ - - . _ - - - - - - , - - . - , , _ - .



. _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ - - _ _ _

UBR-78 :
!

A-CAPSUL.E '8
!

4
2

!
'

| 28
4

1,3 g '7
m n

I ,

- m
\ g' ( ./J

4 ,

! 3a 12 :
I
!

1

j '6 |
ii

| ;

. ,

! ','w w

) 4 5 [
!

4

I
:
t

,

I
! Fig. D-3 Thermocouple Placements on Charpy-V and

t

4

Tension Test Specimens in Capsule A (UBR-78). ;

!

!

I
'

t

I

i i

i

i

1

1

| '

2

D-15

i
-. ___ . _ _ . . _ . _ . _ . _ - _ _ _ . _ _ . _ . _ , _ _ , . . _ _ _ _ _ _ - _ _ _ _ _ _ _ . _ _ _ _ .



UBR-78

B-CAPSULE

O O O O I
|

i. -i 4 -(2) -m s
A4 B4 os Ci

'/
3 . (4 ) *(9) *10 ---.-- - - -

/; 0 0 0 0 ?

.-__{d _-
._

; 3 33 .(s > .at .i3 -i 2

O O. O O

SIDE NEXT TO FILLERg3
FILLER PIECE PIECE

Fig. D-1 Thermocouple Placements on Compact Tension Specimens in Capsule 3 (UBR-68).

- -
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Qf OfS MATERIALS ENGINEERING ASSOCIATES, INC.:

;@f STRUCTURAL INTEGAITY TECHNOLOGY |
'

3 ;~.Q , , CCFFCSICN FATIGUE * *TMCTUAE MECHANCS TESTN3 * IFV%CAATCNS i-

,

f

UBR 78 DAll.Y TEMPERATURE PERFORMANCE RECORD (

DATE 8-18-87 TIME 1025 OBSERVER vrP
l

.

L
| !
I UNIT A UNIT 1 !

I i
TC TEMP 'T TEMP 'T !.

l 548 @* i

i v t

[
*

2 54 9 -

3 517 * M% !
'

1
i >

! 4 535 550 I
| \

l
'

' 5 54 2 54 1
i ,

'
6

_ 538 551'

7 * $4 7
|

*

8 54 4 537 !
| I
a

-

j;9 554 54 7

3, 10 558 542 I

! 11 54 7 551
a ,

i *

| 12 551 54 0 }
1 6

I 13 553 54 2 I
''
,

14 554 539 l,

)'

15 558 535 !

i
| 16 '

1

j AVG. 54 5 544

t i

COMMENTS IJNIT A TC Nos.1.14.15 not apolicable to Cv. tensile seeetmen array []
$ Suspect TC detached from specimen [

NOTE: 1. Temps are "omnical" unless otherwise noted !f
<

|

! 2. O - act included in avs.
1 (

* = CTC i.

i D-17 [
j 07 COO GEDAGE PALMEA HIGHWAY. LANHAM. MAAYLANO 20700 1037 UGAe(mg} 577 0100 i
'

l
,

d
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_-
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i

!

W '''"J"

,gQ. . 9
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..

j-,

QM,MQy, MATERIALS ENGINEERING ASSOCIATES, INC.
STALCTURAL INTEGAITY TECHNOLOGY !

4 J.C"3 , o COmOSICN FATIGUE * mACTU:E MECHANCS TESTING * WUMOATCNS j-

!
i

UBR 78 DAll,Y TEMPERATURE PERFORMANCE RECORD

DATE 8-19-87 TlHE i130 OBSERVER vrp

UNIT A UNIT 3
|

'
TC TEMP, 'T TEMF, 'T |

!

1 552 M (j
;

* !2 553 -

,

3 5214
1.

4 540 564 !
*

i

|
5 546 557

I 6 54 I $67

* 56i7 -

: 8 547 54 8

\'

9 557 559 i4

; I
10 561 555 [4

* '
j |

'

1 11 550 567
i

! 12 554 558
!
,

13 556 558 s

i ,

14 558 S5I |.
f

!5 562 553 >
;

j 16 !

!
!

AVG. 549 558 |;

: i

i COMMENTS l' NIT A * TC Nos.1.14.15 not applicable to cv. tensile specimen array |
| $ !

Suspect TC detached fron specimen f.
i.

NOTE: 1. Temps are "cenical'' unless otherwise noted

; 2. o . noi ina uaea in a... (
'

! * . CTC

! D-18 f
s orco O GECACE PAUMA MAY, UWMM, MAAYUWO C07001037 USA e ocu 377 9490 [-

,

t I
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5$ 5h
t;fCy MATERIALS ENGINEERING ASSOCIATES, INC.

M STRJCTURAL INTEGAlTY TEC>NCK.OGY
1 .M , .c. CCfHOSICN FATIGUE! * FRACTLAE! WCHANICES TESTlNG * IARADATCNG-

URL.7 8 DAlt,Y TEMPERATURE PERFORMANCF RECORD

DATE g.20-87 TIME 0955 OBSERVER VIP _

UNIT A UNIT 5

TC TEMP 'T TEMP. 'T

I 54 9 N*
2 550 *-

3 517 M
4 536 562

5 54 3 555

6 339 564

7 - * ss9

8 ses $44

9 sss sss

10 559 552

11 54 9 565

12 511 555

13 554 557

14 557 54 8

15 560 552

16

AVG. 54 6 554

CONKENTS l'N I T A : TC Nos. 1.14.13 not applicable to Cv. tensile soecimien array f

Suspect TC detached from specimen

ECTE: 1. Temps are "canical" unless otherwise noted

2. C = not included in avg. f
*

D-19

0700 0 GEOAGE PALMER beGHWAv. LMe4AM, MAnYLANO 20700-t 037 UCA e (301) 577.D 800
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Operatina Temperature Records for UBR.79

(Capsule A)

0-20



-

,

UBR-79 ,

'

|

5 1,2
>

A CAPSULE C' l
;

w '

2* I4 ,8
;

|

' ' ' |
,

f
f}Y:

/|

// t

|/ /- i.3

/, aio |

i!
. e

15* 4 ,

t

R
59

;

(f)
'

!

I :

* e
:

1 6
[

; i

|

|: Ms. D.5 Thermocouple placements on Charpy.V,
Tensile and Compact Tension Specimens '

/ in Capsu18 A (UBR 79),

| ;

I t

] |
i !
! ,

'
I

I

j D-21
|

! ;

I
- ___ - - _ ___ _- _ _ _ . . _ _ _ . _ _ _ _. .. . _ _ _ _ _ . _ _
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|

t MATERIALS ENGINEERING ASSOCIATES, INC.
* STAUCmJAAL INTEGAITY TECHNOLOGY |N.M CCAROSICN FATIGUE * FRACREE MECHANCS TESTING * U:V%CEAM

.

'
-

DAILY TENPERATURE FERFORMANCE RECORD

DATE 9-13-87 TIME 1758 OBSERVER VEP
[
!
L

UNIT 79A L

!'

TC TEMF, 'T
f
'

I 494

i

j 2 520 |

3 510
{

4 506

$ $26j

6 506
'

4
,

a

i 7 534 i

3
!

l 8 528 i

i

j 9 485 *
' r

.
10 527

i

,
II OPEN f

i
'

1 12 $19 i
'

l.

j 13 515 (
i .

14 532 1

Id

15 494

) 16

!AVG. -

!

i :

COMHENTS (UBR-79A) C,, Set No.1 : TC Nos. 2.5.8.12.14 i Cv Set No. 2 : Balance of TC's !

:
'

!

NOTEt 1. Temps are "omnical" unless otherwise noted I

2. O - not tactuded in avs.
CC* =;

D-22
o7c0 o ceonce pawcn i ceAy, smam. MAMYMNO 207001037 UGA e GOU 577 D4DO

4

i >

_ _ _ _ _ _ _ _ - - _ . _ _ , . _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ . _ _ _ _ . _ _ . , _ _ _ . _ _ . _ . .-
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' fOf" MATERIALS ENGINEERING ASSOCIATES, INC. i

M STAJCTLJRAL INTEGAITY TECNOGYs
k,,Q , CCNROSICN FATIGUE * FRACTtTE MEC>%NICS TESTING * IAF%CMTCha

DAILY TEMPERATURE PERPORMANCE RECORD

DATE 9-13-87 TIME 2012 OBSERVER WEP

UNIT 79A

TC TDtP,'F |

1 507

|

2 533 |

i

3 523
;

4 519

5 537
_

I 6 510
I i

7 54 6

'
8 539

9 A v a* *

_ _ ,

!

10 539

II OPEN'

12 529

i 13 526 ,

14 544 ;

!
i 15 507

I

16
'

|-;

I AVC. 1

C0F0 TENTS |

!
l !

) NOTE: 1. Temps are "omnical" unless otherwise noted |

2. O act tactue a in ava-
CTC 1* =

07oo-o cconce patvcn vocawvav, the*iAM, MAnvlAND ?O7CG 1037 UGA * COM 577 04D0

_ _ _ _ _ _ _ ._- . . _ - - -_ - _ _ _ .-_ _ - _ _ _ _ _ _ _ _ _ _
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|

66ggpf MATERIALS ENGINEERING ASSOCIATES, INC. !

7 ". STRUCTURAL INTEGRITY TECENOLOGY
f'.h Q 4 ComOSICN PATIGUE! * mACTLFE MECHANCO TESTN3 * FV% CRATONS-

DAILY TEMPERATURE FERT0RMANCE RECORD
'

DATE 9-14-47 TIME 0915 OBSEkVER KCM

! UNIT 79A

TC TEMP. *F

| 1 507

2 536
7

| 3 524
;

| 4 520
i

5 541 |

6 510
[

| 7 549
,

'

|

8 54 3
___

9 495_*
. -

i

10 540

11 OPEN
1

12 533 |

1

13 528
,

14 54 8
{

15 507

16 .

I
~

AVG.
.

COM|MENTS
|
f

i

NOTE: 1. Temps are "oanical" unless otherwise noted
,

2. O aoc f actuded in avs. i
* CC=

3,24

G700 0 GEOnGQ PALMcn HCHWAY LANHAM, MAAYt.ANO 2Q7001037 UGA e (3Qt) 577 04eJO
1

,
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q MATERIALS ENGINEERINCC ASSOCIATES, INC.'

3 smucauwt NTimtTY TEO-NCX.CX3Y
() COROSON FATIGUE * MMCTUF4! MECHANCS TESTING * |RRAC3ATCNS-

- DAILY TEMPERA _TURE PERTORMANCE RECORD

DATE 9-f5-87 TIME tasa CBSERVER KCM

UNIT 79A

TC TEMP, 'T

|
l 491

2 522

3 508 ,

|
4 505

,

5 528 i
i

6 498
'

,,

7 536

8 533

| 9 490* j

| 10 54 0

t
'

|| 11 open

f12 527

13 521 ;

14 542

,

15 502

|
16,

| \
| AVC.

'-

|

COMMENTS |
i|

| I

! I

NOTE: 1. Temps are "oanical" unless otherwise noted
..

[

| 2. C = not included in avg.
CC f

* .
D-25

| 070o o cecnos pawcn vocaway, teniew manyteso a0:00 5 837 tua e caos 377.o.300 ,

1
'

I

_ _ _ _ _ _ _ _ _ __ __ _. . _ _ __ _. __ _ ._ . . _ _ _



,

. 1

MATERIALS ENGINEERING ASSOCIATES, INC.
. STRJCTURAL INTEGRTY TECPN3E-Y
Q CDmOSiON PADGLE * PTMOTUM MEOMOS TESDNQ * WW%CRATOW ;

DAILY TENFEAATURE PERFORMANCE RECORD

DATE 9-15-87 TIME 2031 08 SERVER rew

WIT 79A

TC TEMP, 'T

| 510

2 539.5

3 527

'
4 522

5 543

6 510 )

7 54 5

8 539

9 495*
,,

10 534

11 open

12 527

13 54 1

14 521

15 50I

16
..

AVC. *

-

CO.WENTS

NOTE: 1. Temps are "omolcal" unless otherwise noted

2. O aat iaetuded ta avi.
UC* *

D.26

0700 0 GEOnGQ PALN'C A FROIAYAY, W4AM, MAT 1YLANO 207001037 UGA * C3 Oil 577.D490



1

:
t;;fM" MATERIALS ENGINEERING ASSOCIATES, INC.

n .

\ GTIRUCTLJRAL INTEGRITY TFCHNOLOGY |,

- $,t.,dQ 'YVOSON FATIGUE * FRACTUFE MEC:MANCS TESTWG * IMAC3ATONG

DAILY TEMPERATURE PERFORMANCE 'ITCORD

D,
,

5-87 TIME 1755 OBSERVER KcM

UNIT 79A

TC TEMP, 'F

1 5 0 '.,

2 533

3 519

|
4 515'

5 536
|
|

6 502
|

| 7 542

|

| 8 336

9 -487*

10 533

11 open

12 525

13 519

14 539

15 490

16

AVC. -

__

-

COMMENIS

NOTE: 1. Temps are "omnical" unless otherwise noted

2. C = not thcluded in avg.
CTC* =

D-27
G700 0 GCOnGG PALMC A HtCH%%Y, LAM-4AM, MAnY!.AND 207001037 UGA * (301) 577 D400



QfC7(r ' MATERIALS ENGINEERING ASSOCIATES, INC.
-

'n . STRLCTUFML INTEGAITY TECHNOLOGY-

- jIgQ 4 ,

CCAAOSiON FAT?GUE * FFMCTLRE MECHANICS TESTING * IFV%CLATONS
.-

l

DAILY TEMPERATURE PERFORMANCE RECORD

DATE 9-16-87 TIME 1758 OBSERVER KCM

UNIT 79A

TC TEMP, 'F

1 495

2 525

3 519

4 515

5 527

6 496

7 529

8 526

9 48f
10 520

11 open

12 513

13 512

14 533

15 493

16

AVC. -
_

COMMENTS
. _ _

, NOTE : 1. Temps are "omnical" unless otherwise noted

2. C = not included in avg.
* = CTC

D-28
0700 0 GEOncu PALMcn HIGHWAY, LANHAM, MAMYl.ANC. 207001037 (JU A * (30i1577.D490

- - . -



(;7Q ;p MATERIALS ENGINEERING ASSOCIATES, INC.
n & STRUCTURAL INTEGRITY TENOGY

- p k Q g- CCFVCSION FATIGUE * FRACTUFE MECHANICS TESTING * IFRADLATIONS

DAILY TEMPERATURE PERFORMANCE RECORD

DATE 9-17-87 TIME 1002 OBSERVER WEP

UNIT 79A

TC TEMP, 'F

|

1 499

2 528

1
0 514

4 509
|

| 5 531

l

i 6 497
|
'

7 537

8 525

9 485*
,

10 $25

11 open

12 519

13 513

14 532

15 493
,

16

-

AVG.

COMMENTS

NOTE: 1. Temps are "omnical" unless otherwise noted

2. O not included in avs-
CTC* =

D-29

D700 0 GEOnGQ PALMEn HtCHWAY. LANHAM, MAnYl.ANO 207001037 UGA e (3Q1) 577,9490

,

._ _



7

?.
'

Q7..
'

1 MATERIALS ENGINEERING ASSOCIATES, INC.
Ln i STFLCTURAL INTEGRITY TECHNCX.OGY

- py,gQ, COAAOSICN FATIGUE * FRACTURE MECHANICS TESTING * IAAACIATIONS,

DAILY TEMPERATURE PERFORMANCE RECORD

DATE 9*20-87 TIME 1937 OBSERVER WEP

UNIT 79A

TC TEMP, 'F

1 504

2 522

3 __515_

4 517

5 SJi

6 505

7 534

8 529.

9 50Q*...

10 528

11 ocen

12 523

13 520

14 531

15 497

16

AVC. Z

COMMENTS

NOTE: 1. Temps are "canical" unless otherwise noted

2. O not included in ava-
* = CTC

D-30
0700 0 GECnGG PALMCM HIGHWAY. LANHAM, MARYl.AND 207001037 UGA * (3011577 0400

I



!.

7:Cy MATERIALS ENGINEERING ASSOCIAWS, INC.
f. .. . STR.JCTLE%L INTEGRIT( TECFe.CLOGY'

CCAAOSICN FATIGUEi * FRACTUREE MECHANICS TESTING * IAAACXATNh,4M 4

DAILY TEMPERATURE PERFORMANCE RECORD

DATE ' 9-22-87 TIME 1030 _ OBSERVER WEP

UNIT 79A

Tc TEMe, *r

1 505

2 531

3 518

4 521

5 542

6 508

7 543

8 539

9 500*

10 536

11 open

12 536

13 529
_

14 544

15 505

16

-

AVc.
-

COMMENTS
.

NOTE: 1. Temps are "omnical" unless otherwise noted
-

2. O - not factud d in avs.
cTc* -

D-31

G700 0 GCOnGQ PALMCn HCHWAY. LANHAM. M^nYl.ANO 207001037 UGA e (301) 577 0400



Q7Q? MATERIALS ENGINEERING ASSOCIATES, INC.
' r: .'. _ STRUCTURAL INTEGRITY TEO44') LOGY
-

$4Q COAROStON FATIGUE * FRACTURE MEC>%NICS TESTING * IFVMOIAM |
<-

|

DAILY TEMPERATURE PERFORMANCE RECORD
l

DATE 9-22-87 TIhE I_657 OBSERVER KcM

UNIT 79A l
'

TC TEMP, 'F

l 503

2 529

; si5

4 518

5 54 0.5

6 505

7 54 I

8 536

9 500 *

10 533

11 ooen

12 533

13 526

14 541

15 501

16

AVC. -

COMMENTS
__ _ _ _ -

NOTE: 1. Temps are "omnical" unless otherwise noted

2. C = not included in avg.
* = CTC

D-32

0700 0 GECnGC PALMC A 6-uCHWAY. LANHAM, MAMYl.ANO 207001037 UGA e (301) 577 0400



|

gf; cap MATERIALS ENGINEERING ASSOCIATES, INC.
T. . . . E TFUCTURAL 'N i t:t.*4 TTY TECHNOLCX3Yi

- $gQ CORFOSION FATIGUE * FRACTURE MEC>4ANICS TESTING * IFV%CIATCNS<

DAILT TEMPERATURE PERFORMANCE RECORD

DATE 9-21-87 TIME 2052 OBSERVER EcM

UNIT 79A

TC TEMF, 'T

1 50s

2 529

3 517

4 519

5 537

6 503

7 537

8 533

9 .E*

10 s37

11 coen

12 526

13 518

14 530

15 491

16

AVC. -

COMMENTS

|

NOTE: 1. Temps are "omnical" unless otherwise noted

2. O not included la avs-
* = CTC

D-33
0700 0 GECnGQ PAU/En HsGHWAY, LANHAM, MAMYt.AND 20700183 r' UGA e (30 t) 577 9400

- __.



W
fQ
d' MATERIALS ENGINEERING ASSOCIATES, INC.

"3 .
STF UCT1JRAL INTEGRlW TECHNCX.OGY-

p,0,,,;Q _ CCN4 QSICN FATIGUE * FRACMJAE MECHANICS TESTING * 1ARADATONS-

j

DAILY TEMPERATURE PERFORMANCE RECORD

|DATE 9-24-87 TIME 14 r,* OBSERVER DJM
.,

UNIT 79A

TC TEMP, 'F

1 500

2 526

3 512

4 516

5 538

6 503

7 539

8 534

9 _ 500_*

10 530

11 noen

12 531

13 524

14 539

15 499

16

AVC. *

COMMENTS

NOTE: 1. Temps are "omnical" enless otherwise noted -

2. O - not tactuded la ava-
.

'* CTC=
" . D-34

k, , , . G700 0 v;51GG #ALMCA HCHWAY, LANMAM, MARYt.ANO 207CO 1037 UGA * (301) 577 0400-

,



f
t;; ipp ' MATERIALS ENGINEERING ASSOCIATES, INC.

ti @ STRIJCTUF%L INTEGRITY TECHNOLOGY
- p,., g Q .4 CCAROSION FATIGUE * FRACTUFE MECi-4ANICS TESTING * IARAOLATIONS'

DAILY TEMPERATURE PERFORMANCE RECORD

DATE 9-25-87 TIME 0828 OBSERVER CLM

UNIT 79A

TC TEMP, 'F

| 1 493
1

2 520
1

i 3 506

i
I 4 508
1

5 531

6 496

7 533

8 527

9 _ 490 *
10 525

11 ocen

12 525

13 518

14 533

15 493

16

AVC. -

COMMENTS

-__

| NOTE: 1. Temps are "omnleal" unless otherwise noted

2. O - not factuded in ava-
* = CTC

| D-35

| 0700 0 GECnGG PALMEn HiCHWAY, LANHAM, MAnYt.AND 207001037 UGA * (301) 577 D4DO

-.



1

QfE7g ' MATERIALS ENGINEERING ASSOCIATES, INC. '

s M STFOCTTUF%L INTEGRIT/ TECHNOLCXFY
$y,4Q g - CCAROSKJN FATIGUE * FRACTURE MEC3-%N.CS TESTING * IARACXAT10NS-

DAILY TEMPERATURE PERFORMANCE RECORD

DATE 10-I-87 TIME I354 OBSERVER DJM

UNIT 79A

TC TEMP, 'F

1 498

2 530

3 515

4 512

5 538

6 503

7 54 2

8 536

9 490*

10 532

11 open

12 528

13 520

14 54 1

13 499

16

AVC. -

COMMENTS

;

, NOTE : 1. Temps are "omnical" unless otherwise noted

2. O - not factuded la ava-
* = CTC

D-36
0700 0 GECnGG PALMcn H4CHWAY, LANHAM, MARYl.ANO :707001037 UGA e (3Q1) 577 D5100

, _ _ _ . _ _ _



|
!

Operating Temperiature Records for UBR-80,0

(Capsula A)

,

s

k

D-37

_ _ _ _ - _ _ _



1

|

|

UBR-80

A-CAPSULE f g'g'p[

WM M!
M3-

. .

7 12

2 < u> .i s <

wi) -

( )
(H lh-

.

5 el 4

A&W53
. .

I7 9

[] NOT GEB-2 MATERIAL

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

|

.

D-38

- -. - - - _ . _ _ - - . . -. - _ _ _ _ - _ - _ - - - . - _ - - - - . - - - . - - - -



mIrz: .,

i Y
g

. (hOy'
IVIATERIALS ENGINEERING ASSOCIATES, INC.

n STRUCTUFML IN TEGRITY TECHNOLOGY
phiQ w- FNION FATIGUE * FFuCTLRI MEECHANiCS TESTING * IARACLATIONS-

IG DAILY TEMPERATURE PERFORMANCE RECORD

DATE #0-4-87 TIME 1843 OBSERVER KCM

UNIT 80A

TC we, r

|
1 550

@2 _

3 547

I
| 4 552
1

5 551

6 559

7 556
_

|
| 8 560

9 535

10 534

11 54 9

12 554

13 562

14 544

15 536
1

-

16 54 3

17 536

^8 0
COMMENTS

NOTE: 1. Temps ari "oenical" unless otherwise noted

2. O - aac tactuded la ava-
* = CTC

D-39
0700 0 GECnGG PALMan FaCl4WAY. WMM. MAOYl.ANO 207001037 USA e (30j) $$7.g490

___-. . __ __



m)i.O-
m::=

Q[i.'f MATERIALS ENGINEERING ASSOCIATES, INC.;W STRJCT1JAAL INTEGAITY TECHNOLOGY*

$dQ ;.y CXDAAOSION FATIGUE * FRACTLAE! MECHANICS TESTING ' IARACIATIONSW

IG DAILY TEMPERATURE PERFORMANCE RECORD

DATE 10-5-87 TIME 1023 OBSERVER KCM

UNIT 80A

TC TEMP, *F

l 539

2 M
-

3 $$3

4 559

$ 548

6 559

7 559

8 563

9 531

10 532

11 54 7

12 559

13 567

14 544

15 540

16 554

17 543
_

COMMENTS

NOTE: 1. Temps are "omnical" unless otherwise noted

2. C = not included in avg.
' * = CTC

D-40
0700 0 GEO51CE PALMEA HsGHWAY. LANHAM, MAAYLAND 207001037 USA * (301) 577 0400



. - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ .___ __

WW
?tS: Yb

CW MATERIALS ENGINEERING ASSOCIATES, INC.gf;9-* 1 STRLCTURAL INTEGRITY TECHNOLOGY
$,k k. COFVOGICX4 FATIGUE * FRACT1.EE MECHANICS TESTING *-IAAACXATONS34 ;3--

1G DAILY TEMPERATURE PERFORMANCE RECORD

DATE 10-6-87 TIME 1137 OBSERVER DJM

| UNIT 80A
1

| TC TEMP, 'F |

|

| 1 539

2 M
-

3 556

l
I 4 563

t 5 549
|

6 560

( 7 561

8 565
|

! 9 530

10 532

11 547

12 561

13 570
..

14 54 3

15 540

16 556

17 54''

COMMEoTS

|

NOTE: 1. Temps are "omnical" un*.sss otherwise noted

2. O not tactuded in ava. '

* CTC=

D-41 |
0700 D GECACE PALMEn HIGHWAY, LANHAM, MAnYLAND 207001037 UGA 4 (301) 577 0400 1



_ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _

SM |

gh@''53p[hhMATERIALS ENGINEERING ASSOCIATES, INC.
}@ STFR )CTLF%L INTEGRITY TECHNOLOGY

- $\ .:4Q ;-;., CCAROSION FATIGUE * FRACTUREE MECHANICS TESTING * IFRADIATONS

IG DAILY TEMPERATURE PERFORMANCE RECORD

DATE 10-7-87 TIME 1039 OBSERVI.R KCM

UNIT 80A

TC TEMP, 'F

1 537

2 M_
3 555

4 562

5 54 8

6 560

7 562

8 565

9 529

10 531

|| 546

12 561

13 570

14 544

15 54 1

16 557

17 531

I' "
COMMENTS

NOTE: 1. Temps are "omnical" unless otherwise noted

2. C = not included in avg.
* = CTC

D-42
0700 0 GCCnCC PatMEn HGFAVAY, LANHAM, MARYLAND 207001037 US A * (301 J 577 0400



_ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _

ME

([O:
Djk

EC)f" MATERIALS ENGINEERING ASSOCIATES, INC.
- $,[j@ STRUCTUFV4. lbfrEGRITY TECHNCX.CJGY*

Q ;.3 COFFCSICN FATlGUE * FRACILJFE MECHANICS TESTING * LARACLATCNS

1G DAILY TEMPERATURE PERFORMANCE RECORD

DATE 10.-8-87 TIME 1141 OBSERVER DJM

UNIT 80A

TC TEMP, 'T

1 54 1

2 M
-

3 559

4 566 '

L

5 552

6 563

7 565

8 569 ;

9 532

10 534

11 549

12 564

13 573

14 54 6

15 54 3

16 560

17 533

COMMENTS

NOTE: 1. Temps are "omnical" unless otherwise noted

2. O not tactuded la =vs.
* = CTC

| D-43
0700 0 CECACC PALP,'C A HIGHWAY LANHAM MAAYL.AND 207001037 USA * (301) 577.G400

_. _ -.



m Tc?:

.h,

Qf..Clj MATERIALS ENGINEERING ASSOCIATES, INC.
j@ STRUCTURAL INTEGRITY TECHNOLOGY3.

p) dQ,.3 COAROSiON FATIGLE * FRACTUAEi MECHANICS TESTING * IAAACXAT1CNS4-

|IG DAILY TEMPERATURE PERFORMANCE RECORD

|
DATE 10-12-87 TIME 0901 OBSERVER KCH

I

UNIT 80A

TC TEMP, 'F

1 538

2 M
3 551

4 557

5 _ _ 54 7

6 558

7 559

8 561

9 530

10 531

11 54 6

12 557

13 5654

{
14 542

15 538

16 551

17 531

COMMENTS

NOTE: 1. Temps are "omnical" unless otherwise noted

2. O aoc tactuded in ava-
* = CTC

D-44
0700 0 GECACC PALMCA 44GHWAY, LAMIAM, MARYLAND 207001037 USA * (301) 577 0400

- _ _ _ _ _ _ _ _. .- . .- . - __



;

WW
!IO: Yb

(;f.Cly MATERIALS ENGINEEAING ASSOCIATES, INC.
j@ STRUCTURAL lifrEGAITY TECHNOLOGY

- OMQg_. CCAACECN FATIGUE * FRACmJRE MECHANICS TESTING * IWMCXATONS
i

IC DAILY TEMPERATURE-PERFORMANCE RECORD

DATE 10-13-87 TIME 1549 OBSERVER DJM

UNIT 80A

TC TEMP, 'T

I 538
!

2 M !
,

t

3 552

; 4 558

5 54 7

6 558

7 560
_

8 563

9 530

10 54 1

11 54 6

}
12 560

13 569 l

14 54 3
,

15 54 0

f16 555

17 531 i

i

'

CO?NENTS r

[
!

NOTE: 1. Temps are "omnical" unless otherwise noted
'

] 2. O not tactuded in eva- :

* = CTC
D-45

] 0700 0 GeonCC PALMEA HIGHWAY LANHAM. MAAYLAND 207001037 UGA * (3012 577 04D0

_ - . - . _ - _ _ _ - __ __ __. ____ __ ___ _



M El

i- ',

g[Q.CIF " MATERIALS ENGINEERING ASSOCIATES, INC.
STAUCTURAL INTEGAITY TECHNOLOGY

- {$y Q4.;;. CaJVOSION FATIGUE * FAACTlJAE MECHANICS TESTING * IAAAOLATCNS

IG DAILY TEMPERATURE PERFORMANCE RECORD

DATE 10-14-87 TIME 0806 OBSERVER KcM

UNIT 80A

TC TEMP, 'T

I 539

_M2

3 555

4 562

5 550

6 561

7 563
,

8 566

9 531

10 __g)

11 548

12 560

13 569

14 54 3

15 54 0

16 555

17 532
_

I' '
C0f0!INTS

NOTE: 1. Temps are "omnical" unless otherwise noted

2. C = not included in avg.
* = CTC

D-46
0700 0 GECACE PALME A HIGHWAY. LA44AM, MAAYLANO 207001037 UGA * (3Qi j 577 0400



. _ _ - _ _ _ _ - _ _ _ _ _ _ _ _ _ . _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

!m Tcz

hyQ: h$
t;;fQ.v MATERIALS ENGINEERING ASSOCIATES, INC.

M' STRUCTLJAAL INTEGAITY TECHNOLOGY
- N.,[ Q g CCPAOSION FAT 6GUE * FRACTURE MECHANICS TESTING * IAAACIATONS

IC DAILY TEMPERATURE PERFORMANCE RECORD

DATE 10-15-87 TIME 1314 OBSERVER DJM t

i
'

j UNIT 80A

| TC TEMP, 'F
1

1 537
,

2 M
f

3 554 [

(
4 562 *

5 54 9

6 560

7 562 ,

!
8 566

_

| 9 530

{ '

l 10 532 |
|

11 547
! :

12 560 L

|

13 571

14 544 !

15 54 1 !

16 556
|

17 531 L

C0F01ENTS

I
,

| <

'

| NOTE: 1. Temps are "omnical" unless otherwise noted |

1

|
2. C = not included in ava. I

* * CTC
D-47 |

j 0700 0 GECACC PAWEn H1CHWAY, LANHAM, MAAYLAND 207001037 UGA * 1301) 577 0400
[

\

; h

i
- - _ _ _ _ _ . . , . _ . _ . _ _ _ - _ _ . _ _ _ _ _ _ _ . _ _ _ _ _ _ . _ _ _ __._ _ _ _. __



!

'".TTF

"hb
TCII:-

b{-Q:
gf.t3f MATERIALS ENGINEEAlNG ASSOCIATES, INC.

i@ STRJCTURAL |NTEGAlTY TECHNOLOGY
_ |1.fQ.,;.) CCAACSION FATIGUE * FRACR FE MECHANICS TESTING * IAAACLATms

IG DAILY TEMPERATURE PERFORMANCE RECORD

DATE 10-19-97 TIME 0230 OBSERVER WEP

UNIT 80A

TC TEMP, 'F

1 539

2 M
3 550

4 556

5 550

6 559

7 556

8 361

9 533

10 533

11 548

12 557

13 $64
_

14 543

15 538

16 549

17 533

I'
CO.9 TENTS

NOTE: 1. Temps are "omnical" unless otherwise noted

2. C = not included in avg.
* = CTC D-48

0700 0 CE*CDCC 52ALMcn HIG4 AYAY, LAP &oAM, MAnYLANO 20700 1037 USA # (301) 57 7.Qs3DO
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I".77f E

Q[,E.hf
)
..Qf MATERIALS ENGINEERING ASSOCIATES, INC.

*. ;@ STRUCTtJRAL INTEGAlTY TECHNOLOGY
;Ts,Q 3- CORACECN FATIGUE * FRACTLBE MECHANICS TESTING * LARACIATIONS'-

|C DAILY TEMPERATURE PERFORMANCE RECORD

DATE 10-20-87 TIME 125I OBSERVER DJM

UNIT 80A

TC TEMP, 'T

I 538

2 (EIT
_

3 549

4 551

5 54 1

6 551

7 558

8 562

9 529

10 531

11 546

12 558

13 568

14 563 -

15 539

16 553

17 532

'
COMMENTS

.

NOTE: 1. Temps are "omnical" unless otherwise noted

2. O not tactuded la ava-
CTC* = p.49

0700 0 GCCS1CC PALMCA l*GHWAY, LANHAM, MAAYLAND 207001037 USA * (3013 577 0400
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E

"
p.- ./ j
;.tv MATERIALS ENGINEERING ASSOCIATES, INC.(:{M' STRUCTURAL INTEGRITY TECHNOLOGY

- s's. ,Q , y CORAOSICN FATIGUE * FRACTLFE MECHANICS TESTNG * IFRACXATIONS

IG DAILY TEMPERATURE PERFORMANCE RECORD '

DATE in-?t-A7 TIME 1520 OBSERVER cm

UNIT 80A

TC TEMP, 'T

I 540

2 @
_

3 565

4 574

5 563

6 574

1 574

8 579

f 54 5

10 546

11 561

12 573

13 583

14 557

15 553

16 566 |

17 54 5

COMMENTS

NOTE: 1. Temps are "omnical" unless otherwise noted

2. O - not inetuded ta ava-
* = CTC

D-50
0700 0 GCCDCC PALMER l*GHWAY. LANetAM. M AAYLAND 207001037 USA * (301) 577 0400

__- _ _ _



- - _ _

?Qgh'.:'<p MATERIALS ENGINEERING ASSOCIATES, INC.
|,@ STRJCTURAL INTEGAITY TECHNOLOGY

- [.s. ,M y COAAOSION FATIGUE * FRACRJF4E MECHANICS TESTING * LARACLATCNS'

IG DAILY TEs.,.._'.TURE PERFORMANCE RECORD

DATE 10-22-87 TIME 1309 OBSERVER o.JM

UNIT 80A

TC TEMP, *F

1 538

2 M*
-

l 3 552
i ,

j 4 560 _

f 5 550

l

! 6 560
;

l
j 7 561
,

8 565

i

9 s32

10 533

11 54 9

12 559

13 569

14 54 3

15 54 0 ;

16 552
i

17 553
|

COMMENTS

NOTE: 1. Temps are "omnical" unless otherwise noted

2. O not tactuded la ava-
CTC* =

D-51'

,

0700 0 GECnOc PALMen #4GHWAY, LAN> TAM, MAAYLAND 207001037 UGA * (301) 577 04001

|

_ ,. . . _ - _ . . - - -. . . _ _
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Q/..Qy MATERIALS ENGINEERING ASSOCIATES, INC.

. |:b[9
'. STRJCTURAL INTEGAlTY TEC)+JCX.OGY
, Q ;.;. CCFROtsCN FATIGUE * FRACTURE MEC.HANtCS TESTING * IFVMCXATCNS

_

IC DAII,Y TEMPERATURE PERFORMANCE RECORD

DATE 10-25-s7 TIME 1649 OBSERVER WEP

UNIT 80A

TC TEMP, 'T

I 54 2

2 /T6'4D
-

3 554

4 561 .

5 553
_

6 561

7 560

8 567

9 539

10 54 1

11 555

12 559
_

13 571

14 54 9

15 54 6

16 553
|

17 536

I'
COMMENTS

.

NOTE 1 1. Temps are "omnical" unless otherwise noted

2. O not tactuded in ava.
* CTC=

D-52
0700-0 GECMCC PALMCn FuGHWAY, LANHAM, MARYLANO 207001037 Ut3 A * (301) 577 O.100
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MATERIALS ENGINEEAING ASSOCIATES, INC.
STRUCTURAL INTEGAITY TECHNOLOGY

f.I,dQ ;.;. CONEGION FATIGLE * FRACTLAE! MECHANICS TESTING * 1AAACLATCNS-

IC DAILY TZMPERATURE PERFORMANCE RECORD !

DATE to-9A-R7 TIME 0928 OBSERVER KcM

UNIT 80A

TC TEMP, 'F

I $41

2 @
_

3 553

4 563

5 552

6 560

7 560

0 568

9 536
!

10 538

11 553

12 558
;

13 570 |

14 54 7

15 54 5_
i

16 553 '

17 534 i

i

'
COF0fENTS

NOTE: 1. Temps are "omnical" unless other wise noted

2. C = not thcluded in avg.
* = CTC ,

D-53 i

0700 0 GCCMCC PALMCn t-cGMA f. LANHAM, MA81YLAND 207001 D37 US A * (301) P77 0400

. - _ - - . _ _ _ _ _ _ - . . - _ - . . _ _ . . - . _
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.Cb7 MATERIALS ENGINEERING ASSOCIATES, INC-
M STFRJCTLRAL INTEGAITY TECFNOLOGY

- |lfQ y COAAOSICN FATIGUE * FTMCTLFE fWCHANICS TESTING * 1ARACIATONS

IC DAILY TEMPERATURE PERFORXANCE RECORD

DATE 10-27-87 TIME 0934 OBSERVER VEP

UNIT 80A
-

TC TEMP, *F
,

I 54 2

M_ *2

3 554

4 564

5 551

6 560

7 560
,,

8 568

9 536

10 538

11 554

12 560,

!

13 574

!

14 54 8
'

15 54 7

16 557

17 535
i

Avgt $53 |

,
_ _ _ _

!COMiENTS

1

NOTE: 1. Temps are "osnical" unless otherwise noted

2. C = not included in av3
* * CTC

D-54 [
0700 0 GeonCC P ALMER HeGHWAY. LAN& TAM. MARYLANO 007001037 USA * (301) 577 0400 L

_ . . . _ _ _ _. ._ ._ _.
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gftRV" MATERIALS ENGINEERING ASSOCIATES, INC.
Q? STAJCTURAL. lNTEGRITY TECHNOLOGY

ghQ ;.y COMICN FATIGUE * FRACT1JFE MECHANICS TESTING * IPRADIATCNS

10 DAILY TEMPERATURE PERFORMANCE RECORL

TIME 1829 OBSERVER,_ KCMDATE 10-28-87 ,

UNIT 80A

TC TEMP,'T

| 534

2 M*
-

3 550

4 5$9

5 54 6

6 534

7 535

8 556

9 535

10 533

11 549

12 554

13 568

14 541
;

15 54 0

16 J49
17 528 :

(

COMMENTS
>

.

N'qE : 1. Temps are "omnical" unless otherwise noted

i
2. C = not included in avg.

CTC* =

D-55

0700 3 GEC51CE PALMEA HsGHWAY LANHAM, MARYLAND 207001937 USA * (301) 577 0490

-- -
-- - ,
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y[* Mi.N T MATERIALS ENGINEERING ASSOCIATES, INC.f
- STRUCTURAL INTEGAITY TENCX3Y
N.,$ Q gc CONCSION FATIGUE * N MECHANICS TESTING * IJ1RADATIONSd-

IG DAII.Y TEMPERATURE PERFORMANCE RECORD
|

DATE 10-29-87 TIME 0713 OBSERVER VEP

UNIT 80A

TC TEMP , * F

i 534

2 (h
3 549

_

4 559

5 54 6

6 __555

7 556

8 564
,

9 531

10 533

11 548

12 554

13 567

14 54 1
,

15 54 0

16 549

17 529

COMMENTS _

!

. NOTE: 1. Temps are "omnical" unless othersise 10:ed
l

2. O aot inctudea in ave,-
* CTC=

| D-56
l a .'u ; cro e a >.c. sri , o u. Av. ta piav r.,.vwuwa no 7c0 i u..,7 una , c: n : : e 7. , 30

|
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t;;[.A.V ' MATERIALS ENGINEERING ASSOCIATES, INC.
1

9 STRUCTURALINTEGAITY TECHNOLOGY-

- O ., ,3 CCFIF10SICW FATIGUE * FRACTLFtE MECHANICS TESTING * IARACXATN

IG DAILY TEMPERATURE PERFORMANCE RECORD

DATE 10-30-87 TIME 1016 OBSERVER DJM

ITNIT 80A

TC TEMP, 'F

l 534

2
_

3 548

4 558

5 54 6

6 554

7 555

8 563

9 531

10 533

11 54 8

12 552

!

13 565

14 540

15 53d

16 546

17 528

COMMENTS

.

NOTE: 1. Temps are "omnical" unless otherwise noted

2. O not inetuded in avs.
CTC !* =

D-57
0 700 0 GCCOCC P AL N'C A I *CHWAV. LANWNt MAAYLANO 20700 1837 UGA * C01) 57 7 0400

_ . _ _ _
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g c.OJ' MATERIALS ENGINEERING ASSOCIATES, INC.
'@ STRUCTURAL INTEGRITY TECPNOLOGY

* ;
O.,;Q ;{ CCAACEICN FATIGUE * FRACTURE MECHANICS TESTING * FV%CXATCNS

.

IG DAILY TEMPERATURE PERFORMANCE RECORD >

DATE ||-I-87 TIME 2040 OBSERVER VEP

UNIT 80A

TC TEMP, *T

I 534

2 M
--

3 544

4 552

5 546

6 554

7 553

8 560

9 532

10 534

11 548

12 55l

13 561

14 54 1

15 538

16 543

17 530

8'COMMENTS

NOTE: 1. Temps are "omnical" unless otherwise noted

2. C = not inctsded in avg.
* = CTC

D-58
0700 0 GECACE PALMCA HCD4WAY, LAN> TAM, MAAYLANO 207001037 USA * L3 Oil 577 0400

- _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _
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.tW.? MATERIALS ENGINEERING ASSOCIATES, INC.g{E STF0CTURAL INTEGRITY TECHNCX.OGY
f,'wM g CCAACSeON FATIGUE * FRACmJREI MECHANICS TESTPCs * IFEACIATIONS-

IC DAILY TEMPERATURE PERFORMANCE RECORD

DATE 11-2_87 TIME 1851 OBSERVER KCM-

UNIT 80A ,

,

TC TEMP,*T

I 537

2 @
w

3 550
;

4 560

5 549 r

6 558 ,

i

7 557

!

8 566 ' ;
,

I 9 514

10 536
,

11 551

12 556

13 569
i

I

14 544

,I
15 542

16 550
i

37 532 -

'

t
i

^I'- -

COFDiENTS i
!

>

j NOTE: 1. Temps are "cenical" unless otherwise noted
d

2. O nct ine)udea in ava. :
;

CTC,* =

D-59
0700 0 GECACE PALMEA HIGHWAY, LANHAM, MAAYLAND 207CG.1037 USA e (3011577 0190

:
I

-- .
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WA

k6 MATERIALS ENGINEERING ASSOCIATES, INC.
$,M@ .y STRUCTURAL IfVTEGAlW TEC2-NOLOGY

-

CCAAOSION FATIGLE * FRACTLFE MECHANICS TESTING e IARADIATCNS
'

IC DAILY TEMPERATURE PERF0ftMANCE RECORD

DATE Il-3 s7 TIME 1304 OBSERVER VEP

UNIT 80A

JC TEMP, 'T
,

3 537

2 @
3 551

4 561

5 54 9

6 558

7 558

8 567

9 534

10 537

il 553

12 558

13 573

14 544

15 54 2 i

16 _ 551
17 531

COMMENTS

NOTE: 1. Temps are "omnical" unless otherwise noted

2. O - not tactoded in ava.
,

* CTC=

D-60
0700 0 GEC51CE PALMER H8GHWAY. LANHAM. MAAYLAND 20700 103 ,JA 4 (301) 577 0490
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C3f, MATERIALS ENGINEERING ASSOCIATES, INC.g[,i@ STNLINTEGRITf TECHNOLOGY'

- @,,d Q sf; COAFCSION FATIGUE * FFMCTLFE MECHANICS TESTINCJ * LARADLATIONS

IC DAILY TEMPERATURE PERFORMANCE RECORD

DATE 11-3-87 TIME 1721 OBSTRVER KCM

UNIT 80A

| TC TEMP, 'T

l 534

M_2

3 548 P

!

4 558

5 546

6 555

7 555

8 564

9 531

| 10 534 |

>

11 549
1

12 553

13 567 .

|

14 54 0
I

15 538

16 54 6

17 528

^'I fC0F01ENTS 1

I

NOTE: 1. Temps are "omnical" unless otherwise noted
-

2, C = not included in avs. ;

CTC* =

D-61
0700 0 GCCS1CC PALMEA t*GHWAY LANHAM. MARYLAND 207001037 USA * L301) S? ~? U 3CO

. - - . -_ . _ _ . , . -_- - , - ._
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MATERIALS ENGINEERING ASSOCIATES, INC.;@ STRUCTURAL INTEGRIT( TECHNOLOGY
hl. gQ ;-g CCAF"CSICN FATIGUE! * FRACTURE MECHANICS TESTING * NTONS

|C DAILY TEMPERATURE FERFORMANCE RECORD

DATE Il-5-87 TIME 0922 OBSERVER VEP

UNIT 80A
,

TC TEMP, 'T

1 533

2 M
3 54 7

i

4 557
1

5 546

6 555
J

7 $54

8 564 '

9 531

10 534
'

i 11 54 9

12 553

13 568 '

:

14 54 0
>

15 !.38
i

16 54 6

17 528
i

8COMMENTS
'

i

NOTE: 1. Temps are "omnical" unless otherwise noted
t

2. O not inctoded la =va.
'

* CTC i
=

j D-62
1

, 07C0 0 GECMCE PALMC A HCHWAY, LAMMM. MARYt.AND 207001037 USA * (3018 577 0400
|\
.

.- - . - . - .- _ _ ~ _ _ _
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W ;M '

EO ,Qs
o. - - MATERIALS ENGINEERING ASSOCIATES, INC.QfiQv..
19 STAUCTURAL INTEGAITY TEC3-NOLOGY

- ;S%h, ;-; CCARCEION FATIGUE! * FRACRFE MECHANICS TESTING * IARACMTONS

IC DAILY TEMPERATURE PERFORMANCE RECORD

DATE 11-a-87 TIME 1846 OBSERVER WEP

UNIT 80A

| TC TEMP, 'T
,

I

l 535
1

2 '

i
! 3 544
l

4 552
r

5 54 7

6 554
<

7 552

8 560 [
|

:

! 9 533
1

r

10 535

|
11 550

i<|

|

12 551

13 562
|

|

|4 54 1
!

15 538 |

16 54 3

17 530 t

1

Avst 546
| COMMENTS t

P

|

NOTE: 1. Temps are "omnical" unless otherwise noted
1

2. O not tactud a in va.
* = CTC

i

D-63
0700 0 GECACE PALMEA HsGHWAY. WiAM, MAAYLANO 207001037 USA * (301) 577 0490 ,

,

. . _ _ . . _ _ .,
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5 MATERIALS ENGINEERING ASSOCIATES, INC.
'

- h. STRUCTUAAL INTEGRITY TECHNCX.OGY. 3

CTfVCSICW FATIGUEI * FRACTLFE NEC:KANICS TESTING * IARACXATONS

IG DAIt,Y TEMPERATURE PERFORMANCE RECORD

DATE ||-10-87 TIME. 1253 OBSERVER nw

UNIT 80A

TC TEMP, 'T

I 535

2 M*
-

3 549

4 560

5 54 8

6 557

7 556

8 566

9 532

10 535

11 551

12 554

13 569

14 54 1

15 539

16 _ 548
17 529

^#8*COMMENTS

NOTE: 1. Te:nps are "omnical" unless otherwise noted

2. O not includeo in ava.
* CTC=

9-64
D700 0 GEOAGE PALMEA HIGHWAY, LANHAM, MARYLANO 207001037 USA * (301) 577 9490
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t;;f.c@ MATERIALS ENGINEERING ASSOCIATES, INC.
19' STRUCTURAL INTEGAITY TECHNOLOGY

- |\. dQ sp; CORFOSION FATIGUE * FRACRJRE MECHANICS TESTING * 1AAACIATONS

IG DAlt.Y TEMPERATURE PERFORMANCE RECORD

| DATE Il-12-87 TIME 1418 OBSERVER DJM
!
1

!

| UNIT 80A r

TC TEMP, *T
'

,

1 534

2 M
3 54 9 :

4 560i

|
$ 548

i ;

'

6 556
,

L

7 536 ;
r

8 566 !

9 533

10 $35 j

11 551

!12 555
!

13 571 [

14 543

15 54 1

'
16 549

>

17 530

Avst 54 9 -

COMMENTS t

I .

t

|

NOTE: 1. Temps are "omnical" unless otherwise noted |

|

| 2. O = not included in avg.
I * = CTC

D-65 |
'0700 0 cecnCE PALME A HGHWAY, LANHAM, MARYLANO 20700 t 037 USA e (301) 577 G490

t
- - , _ _ - - - ,. _ _ , _ _ . . _ _ _ . ... - --_ . - _-
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Table E-1 TWi*ir=1 Euperinert IR5Hi8 equmile A Fluernoe-Rate Itmitor Results (Ref.1)

MtmitorM Fluence Rated 12 ftmitze Irw-*ien inx 10
(Average) *3=r-i==rt Array

A1 (Pe) 5.58 'gier-imaris A25 to A30
(N1) 5.61

A3 (Pe) 5.70 *giar-4==ris A27 to A34
A4 (Pe) 6.28 *t=<-4===us A7 to A29
A2 (Pe) 6.30 (tier-i==us A9 to A35
A5 (Pe) 6.44 'gur-imaris A26 to A31

(Ni) 6.50
A6 (Pe) 6.73 *gier-4==ris A23 to A36
A7 (Pe) 7.24 W===is A24 to A8
A8 (Pe) 7.18 'g=r-i==ris A21 to A28

vial 8 Filler piece, ag=r-i==ris A32 to AB
(9.42)*

y (Pe) 6.63
(Ni) 6.72*-

|

See Fig. 6 in usin tart for monitor locil. 1he Pe,Ni and 0 results are ha==ri cm >l MeV 3b2388

flamirwt spectztan averaged cross ear +1rwis of 115.2, 156.8, and 441 militharris x==t=r+4vely.
Cu u t irwis for epitbarmal neutron contrih*ir=us are based on O) nasium ratios obtained fra a-

Wal PEA-MIIr4E5t modog irr=rit*irm (applies to Tables E-2 to E-6 also).
b -

Fiumiswa spectrue -- , "r=t W -s (E >l MeV) tmless noted. 109 59c.Ibarum1 fluerice rate carrected for epithmenal nautzon cxx* rih *ir=is h==ari cm 4 and m yt,m

ratas and their cross secticms.
g,, m ,, 140m,95Zr, 103d Average of separate datarminations for a

* mianated sp.ctrina value.

Stammary, carimi'a IM5H58A
18 Wouj2 E >l MeV (r=1m1*=ri spectrina fluur:ce).1. Average neutron fluence (all ): 8.6 x 10

2. Awarage @a (E >l lesV): 1.39 x 10 .
3. P== hours: 249.0 (C-2 far-111ty).

_ _ _ _
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Table E-2 Trmtimtion Experiment INR-68 Capsule B Fluence-Reta Manitor M1ts (Ref.1)

|

Monitor /Gj - i" Fluenom M x 1012 Mmitar Iex:stion in
(Average) W ="rl Array

;

I

B1 (Fe) 7.24 Between layers 1 and 2
c(Agors) 3.64

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

BS (Fe) 6.82 Between layers 6 and 7
(Ni) 6.67

B6 (Fe) 6.71 Between layers 8 ard 9
(Cb) 3.40

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

B2 (Fe) -d- Between layers 2 and 3
BB (Fe) 6.65* Tumadiately below layer 11

f
[ vial (238 ) 8.31 Between Imyers 4 and 50

(9.47)9
(Fe) 6.79
(Ni) 6.97

See Fig. 6 in main text for monitor locii. *Ihe Fe,Ni and 0 results are hamed on >l MeV 23h238a
fission spectrum averaged cross eir=is of 115.2,156.8, and 441 =i114=ms, respectively.

2b pgg g -__j im; g _,-1 (E >1 MeV) unless noted.
C 1 M

. Twmm1 fluence rate corrected for epittwrual neutron contriheirvis hamart on Ag and Cb r==r+irwt
rates and their cross omr+1,wis.

d M in % W
* Based on one dosimeter ==r+ir=1 cmly ( forp3 g sec+f not milable).
f Average of separate deteinstions for R2, Qi,, .

9 Calculated spectrum value.

ammaary, hle INR-68B
8.76 x 10 rVM E >l Mey (miruimted my uda flumrioe).18

Average neutron flumrica (all specp):1.

2. Average @ (E >l MsV): 1.42 x 10 .

3. E-we hours: 249.0 (C-2 facility).

!
l

. - - _ _ - - _ . . _ - , - - - , _ - _ . . - - - -. .-
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Tahim E-3 TM*i-t Egeriment IMR-78 vi1= A Fluence @ eta Monitor Results (Bef. 2)

knitor/ Segment * Flumnos M x 1012 Itztitor Incatiert in

(Average) W==t Array

A2 (Pe) 6.50 wintaly above layer 1

(Ni) 6.26
A3 (Pe) 6.59 n=h===t Imyers 1 and 2

c
(cb) 1.96

A4 (FW) -d- a=h==rt 3myers 3 and 4
(Ni) -d-

A5 (Pe) 6.80 Between layers 5 and 6

A6 (Agoo) 2.08* Between Imyers 6 and 7

A7 (Pe) 6.52 Betuaan Imyers 7 and 8
(NL) 6.75

fvial (23a ) 7,g3 n,n . ,,1 layers 4 and 5g
y (8.93)9

(Pe) 6.71: u

(Ni) 6.74

238See Fig. 20 in main text for acutitor 1rv-i1 2ne Po,Ni and U ressalts are humed on >l MeV 235* g
fission spectrum averaged cross of 115.2,156.8, and 441 milliharm,1-;-?_4vely,

b Fission @ = .2 'mt; rV -s- (E >l MeV) triless noted.c Based on one dosiaster eartims <rtly.
d Not available.

109 598'

n wrumi flumnoe rate corrected fcr epitternal neutron cartrih*imis hamed crt M and m
r2='+4rm rates ani their cross ==r+4rwis
Average of superata deemruinacions for $5Zr, 103g 3 , 14 % ,137f

9 Cala11ated a e value.
3

Sussnary, wie UIn-7aA
18 2

| 1. Average nn:tztra fluence (all =pa-4==1s): 2.67 x 10 gycg E >l Mev (<-m!rniated spectrian fluence).
i 2. Average @ (E >l MeV): 0.43 x 10-2,

3. Evman hours: 78.0 (B-4 far-ility) .

!

i
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Table E-4 .'Irmilatim Emperimmt 1H54-78 Capsula B nuwa 7tmitor Results (Ref. 2)

PtmitarrW numos metab 12 semitor twim inx to
(Average) F i==rt Array

B11 (re) 6.29 W ==i A3 to E3 |
|

B12 (Fle) 6.79 <9er i==st A4 to Cl

B10 (me) 6.31c 3=r-i== s D1 to In
(NI) 5.76

|

B13 (me) 7.22 < tar-i==i D6 to D4 ,

(Ni) 7.M |

Be (es) s.71 <y-r-i==i El to Bs |,

E |B9 (Fe) 6.61 < tar-i===t C2 to B1 |d(co) 1.95
1

Vial (23a ) 7.J2* Filler pison, '3' -4==n D2 to A5D

(r. 34)f
(Fe) 6.17
(N1) 6.30

* ses rig. 20 in sain tant for monitor locil. S e P=,Ni and u results are h===i on >l M 23g23a
ff ==irwi e averaged cross = eir-is ac 115.2,156.s, and 441 =111th r=, i-;-Mvely.b pg,, g - - __ - ;,,,; yy,-1 (E >13tW) unless noted.c
Bened on taso dosimeter ==rtirmus only (data for taso other ==rtirwis not availmhlm). )d w m one h h & M y.

l* Average of separate datar=Iristions for 95Zr, 103m , 137a , 140m,
|f

c,3mn ,c. , ,,,cen,, ,,1,,, I

't Staseiry, empende tam-785
~ . Average ruautzen fluence (all ): 2.60 x 1018 ,yc,g21 E >1 Mev (rmitsdstad spectnas fluence). |2. Average @ (E >l ptW): 0.42 x 10

|
.

3. P P _=w Inours: 78.0 (B-4 facility).
|
|
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_ _ _ - _ _ _ _ _ _



- ______ - _ _ _ - _ _ __ .

|
!

l

I
i

i
,

;

!
'

!
'

l

F
,

,
r $ l'

s :b

fNeutron Dosimetry Determinations !

Bat:ed on Fission Spectrus Assumption
|

for UBR-79 (Cascule A)
|,
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|
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,
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_

thble E-5 Trr=it= tion Egerisert IJI5t-79A Capsule A Fluence-Rate Mcmitar D=milts (Ref. 3)

PtmitarrW Flumnos N x 1012 Ptmitar Incation in
(Average) Wa=rt Array

A3 (Pe) 6.64 Twimtaly above layer 1
(Cb) 3.30

As (Pe) 6.62 Between layers 2 and 3
(Ni) 6.34

A21 (Pe) 6.76 Between layers 5 and 6
(N1) 6.50

A13 (Pe) 6.87 Between layers 7 and 8
(N1) 6.60

C(AgO3) 3.38

[. vial (238 ) 8.0$ Filler piece, layer 40 d
1 o

(9.18)*
(Pe) 6.77

4

(N1) 6.53
* See Fig. 21 in main tout for monitor locil. 1he Po,Ni and 238U results are h===ri on >l MeV 235g

fissi n spectrum mweraged cznes sqctip(E >l MW) tsalems notedof 115.2,156.8, and 441 millihams, r====<+1vely.b Fission =partrian - - -- . irus; Wct -s-^

c .

1bar==1 fluence rate corrurtad for epitbar==1 neutron tw=+ rih *4r=1s bassi on 109 59gg mg
ratas and their cross ==rtirmis.8
Average oc ,ormt. *-instions nr $5zr, man, 13'as.14% era.* him1*=_* =partrum value.

Sammary, mpaile t)tst-79A
1. Average neutron flumnoe C Group no.1: 8.5 x 1 E >l May (e=1 minted spectnam fluence).y

C GroLp no. 2: 8.8 x 1 $ >l MeV.y
C = par'i==ns: 8.6 x 1 Wam' E >l MeV.2. Average <%un (E >l MeV): C GroLp no. 1: 1.38 x 10' .y
C Gruly no. 2: 1.43 x 10~y
C 3'ar-i==ns 1.39 x 10-2 j

13. P e hours: 250 .03 (B-4 far-111ty).
l

!
_ _ _ . _ _ _ _ _ _ - _ _ _ _ - - - - - - - . - - - - - - - - - - - - - - - - -- - -- ~ - - - - - - - - - - - -
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Neutron Dosimetry Determinations
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Based on Fission Spectrum Assumption

for UBR-80 (Capsule A)
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Table E-6 Trm4Mm W===1t UIR-60 Capsule A Flumnon-Rote Itmitz Results (Def.~ 3)
|

ItmitorM Fluence W5' x 18 Manitw IIx:sticr1 in
(JWerage) *I[mr-imart Array

A20 (Pe) 6.45 TMimtaly above Imyes- 1
(Ni) 6.21

A2 (Pe) 6.50 n=*=m layers 2 ard 34

CAll (Agth) 3.15 n=e==rt layers 3 ard 4
A27 (Pe) 6.57 Beheert 1myers 4 ard 5

(Ni) 6.25
A10 (Fe) -d- Betzeers layers 6 and 7

CA26 (Cb) 3.25 Babasert Imyers 7 ard 8
' A7 (Fe) 6.82 Behears layers 8 ard 9

f.49
Vial ( 7.87* Beussert layers 5 ard 6

(8.97)fm
,8, (Fe) 6.42

(NL) 6.659

* 238 cri >l MeV NSee Fig. 22 in main text for sortitxx locii. 'Due Po,Ni ard U results are w
fissiert spectnam averaged cross of 115.2,156.8, ard 441 millherris, &_ively.

_ _ _ j ;m; ,y _,-y(E>lMuv)istlessnoted.b pg,,g __

c # g ard M.Duarum1 fiumrios rata ch fx epitharumi neutum cxzytriheims based cri A oo r-+4m
rates ard their cross sections.d g ,g ai,,

* As=r=9m of magierata desemiristicrus for b,103ygg, WOs, I N fm-
himimmed spectuam value.

Summary, mpanom Utm-e(m
19 21. .-t-- = ;- assutrari flumnos (25-2 crily); 2.25 x 10 IVcas E > 1 MuRT (calculated spectnm).

2. _t _-,- @ (E >l mum): 3.65 x 10--

3. Egosure hours: 657.98 (D-4 far-ility).

|
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AFFEMDIX F

Charpy V Data Tabulation and Computer Curve Fits
for Unirradiated Condition Tests and Irradiation

Experiment UBR 68 UBR 78, U M 79A, and UBR.80A Testa

F-1
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The data curve fitting procedure employed the hyperbolic tangent
curve fitting method. Two curves are provided here for each data
set: the curve illustrated in the first figure for the set shows the
results obtained with the available data; the curve in the companion
figure is the result obtained when four fictitious data points
(5 f t lb energy absorption) are added at a temperature that is $0'F
below the intercept of a line representing a lineartmed transition
region, with the abscissa. The line in this case is an eyeball fit to
the data; the choice of a larger temperature shift (up to D0'F) was
found not to influence the result appreciably.

The intentional addition of the fictitious data serves to force the
reasonably low, positive value in the too region. Thiscurve to a

device is particularly useful for those cases where data are lacking
in the too region for guiding 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 guide for
curve fitting C data for the irradiated condition.y

F-2
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Unirradiated Condition Charpy-V Test Results

including Special Check Test Data
!
1

I

t

|

|
|

|
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Cada OER (Side 2) Unteradiated candition-

1/87 7hickness Location
ASTM L-C Orientation

No Specimen Piece / . Temp Energy Lat Exp Shear
un=har now (*r) 'Ift-ib) (mila) tui

1 34 32 -110 7.0 5 0
2 37 31 -70 18.0 18 10
3 38 31 -40 24.0 18 <100

j 4 35 32 -40 28.0 20 <100
1 5 33 32 -20 32.0 27 <100
1 6 43 31 0 32.0 29 34
| 7 39 32 0 41.0 38 35

8 38 31 30 48.0 37 <100
9 40 31 30 45.0 40 47

10 42 32 75 70.0 83 <100
il 41 32 120 76.0 86 100
12 46 31 120 77.0 69 100
13 44 31 200 74.0 65 100
14 40 32 200 79.0 78 99

1

T-4
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CV dat a >

File t U-1/0A
I

tes -
,

- - {se
x ,

I*
n

>a
[T se -
,*
t*
:w
!

I h x
4 m

.l
"

! 'o 4e -

;

I fx
t

|m
4

!as -

|

l:

Ii
- x

ji e . . , , .

* 8 8 8, (8 8: ,~ - - ~
i 1

,

;

Temperature (* F) ;

i ;

ti

,

t

/ !

Cv = A + 3 t anht(T - Te)/C3 {
Engtish Metric i

R= 43.39 50.04 !

3= 36.53 49.53 !

C= 06.99 40.27 i

To = 14.56 -9.69 [
t

CV = 30 ft-lb or 41.7 J when T = -18.9 -20.3 i
r

f
i

F-5
l
!
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y

f
Cv data

File : U-1/8A

J

100 -

:
,

80 -

y
-

t

: x
X

m
.o
7 60 -

e
4
%s

>, x I

o
xu 4e .

e

X

x

|20 -

x

i

i

i f f f f

8 8 * 8 8 8
cv - - m n

1 i

Temperature (' F )

!
CV = A + B tanhC(T - To)/C3

English Metric !

A= 41.68 56.51
.

B= 38.98 52.75 !

C= 95.43 53.91
To = 9.42 -12.55

39 ft-Ib or 41.7 J when T = -29.1 -29.9CV =

!

4 points added at location given by "O' symbol.
4 points at (-159,5) i

F-6 L
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Coda GEB (Side 2) - Unirradiated Conditien '

1/4T Thickness Location
ASTM L-C Orientation ;

No Specimen Piece / Temp Energy Lat Exp Shear
Number Row (*F1 (ft-lb) (milm) (X)

1 16 12 -40 18.0 18 <100
2 7 12 0 26.0 26 <100
3 5 12 30 40.0 34 <100
4 3 11 75 59.0 49 <100
5 9 12 120 75.0 61 <100
6 2 11 200 78.0 73 100

,

|

) F-7
!
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CV data
Ftle : U-1/4R

100 -

80 -

-

~

.o i

T 60
'

-

-
%
v

x
O

.' 4e -

iS

20 -

, , . , .,

8 8 * 8 8 8
W ** ** N M
i i

Temperature (*F)

;

,

Cv = A + 3 tanhCCT - To)/CJ

English Metric
A= 46.38 62.88 >

3= 32.94 44.66 '

C= 65.86 36.15
To = 45.12 7.29

6

Cv = 38 ft-Ib or 41.7 J vhen T = 9.6 -12.4

,

h

-

-

F-8
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CV dct o
File : U-1/4R

100 -

,

80 -

x
X

m
.c
T 60 -

e
4
v

x
0
g 40 -

t5

20 -

x

:

-

, , , , ,g

8 8 8 8 8 8
o - - cv n
i I

Temperature ('F)

Cv = A + B t anhC(T - To)/C3

English Metric
| A= 41.78 56.65

3= 39.40 53.43
C= 85.61 47.56
To = 32.56 .31

CV = 30 ft-lb or 41.7 J when T = 6.2 -14.4

|

'

4 points added at locat ion given by 'O' symbol.
4 points at (-195,5)

F-9 [
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Code GEB (Side 2) Unirradiated Condition, !
-

1/4T Thickness Location 1

ASTM C-L Orientation

No Specimen Piece / Temp Energy Lat Exp ShearNumber Row ( ' F l__ _ (ft-lb) (milm) (%)
;
1

1 32 1 1 -40 26.0 21 <1002 21 11 0 37.0 34 <1003 20 11 30 52.0 43 <1004 19 11 75 81.0 81 <1005 22 11 120 108.0 72 1006 18 11 200 110.0 70 100

F-10
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,

CV dct'a
File : U-1/4C

4

125 -

X

100 -

,

m
| 5

| T 7s -

| 9
| w
1 v

A
a'

! ;' 50 -

i- o
b

: as -

|

|
|

..

. . , , .g

8 8 * 8 8 8
m - - tu m

| |

Ter.1p e r atu r e l' f )

,

Cv = R + 3 tanhC(T - To)/C3

English Metric
R= 68.04 92.25

,

B= 44.63 60.51 :
C= 59.03 32.79
To = 53.48 11.93

CV = 30 ft-lb or 41.7 J when T = -21.2 -29.5 !
l

t

i
r

F-11 ,

i

!
- _ . - . . . - . - - . . - - . -. . . . . _ . . - _ _ _ _ _ _ - _ _ _ - . _ - - . . . _ . . . - . . - . ..



. ._

CV data
, File : U-1/4C

, 4 f

. . ,.

yj,

y , '|, . 125 -

'

,

I 'E

%

100 -

n
.o
T 75 -

%
%s '

>,
!cs

$- 50 -

o
5

25 *-

g . . . . .
'

8 8 * 8 8 8m - -
! 1 1

m n
;

Temperature (* F)

Cv = A + 3 tanht(7 - To)/C3
.

English Metric
A= 58.34 79.10
3= 58.30 79.05
C= 91.40 50.78-

To a 34.08 1.15

Cv = 30 ft-lb or 41.7 J when T = -14.5 -25.8

I

4 points added at location given by 'O' symbol.
4 points at (-196,5)

.

l '
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I

Cada GEB_(Side 21 - Univradiated Condition
1/2T Thickness Location
ASTM L-C Orientation

No Specimen Piece / Temp Energy Lat Exp Shear
Number Row (*F) (ft-lb) (mila) (%)

1 48 32 -110 8.0 6 0
2 51 31 -70 12.0 10 16
3 49 32 -40 14.0 10 <100
4 52 31 -40 21.0 17 <100
5 47 32 -10 24.0 23 <100
6 59 32 0 20.0 21 34
7 63 31 0 32.0 31 34
8 50 31 30 35.0 30 <100
9 65 31 30 42.0 37 44

10 62 32 75 62.0 51 <100
11 61 32 120 60.0 55 100
12 66 31 120 68.0 60 <100
13 60 32 200 66.0 61 99
14 64 31 200 66.0 64 100

,

F-13
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CV dat a |
File : U-1/2R '

.|
|

see - i

80 -

n
.o -

T se *
. x

-
%
v

x
0
g 4e -

6 *
x

2e x x.

x
4

. . . . .e
,

8 8 * 8 8 8
7 7

- ~ n.

Temperature (*F)

,

CV = A + 3 tanht<T - To)/C3

English Metric
,

A= 38.21 51.88' I

B= 28.12 38.12
C= 58.98 32.77
To = 25.99 -3.34

CV = 38 ft-lb or 41.7 J when T = 8.3 -13.2

,

i

!

I
F-14 j

'
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Cv dcto
Filo i U-1/2R

100 -

80 -

3 u -

*
T~ GO x-

-
4
v

x
0
g 40 -

*
6 x

1

x x20 -

x
2
V

, , , . .,
* 8 8 88 8

m - - cu n
i 1

Temperature ('F)

s
!
"

R + B tanhC(T - To)/C3CV =

English Metric
R= 36.23 49.12
B= 31.02 42.06
C= 72.01 40.00
To = 20.56 -6.36

CV = 30 ft-Ib or 41.7 J when T = 5.9 -14.5

'
,

|
i

I4 points added at loc at ion given by 'O' symbol.
4 points at (-125,5)'

F-15
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Code GEB (Side 2) Univradiated Candition-

7/8T Thickness Location
ASTM L-C Orientation

No Specimen Piece / Temp Energy Lat Exp ShearNumber Row (*F) (ft-lb) (milm) (X)
1 54 32 -110 8.0 5 02 57 31 -70 22.0 19 163 55 32 -40 23.0 18 <100
4 58 31 -40 24.0 22 <1005 53 32 -20 ?7.0 25 <1006 71 31 0 34.0 32 567 67 32 0 39.0 36 358 56 31 30 42.0 33 <1009 73 31 30 49.0 42 5010 70 32 75 68.0 59 <10011 74 31 120 72.0 53 9912 69 32 120 82.0 69 100

13 72 31 200 74.0 67 10014 68 32 200 77.0 76 100

F-16
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CV dct o
Fnle : U-7/0R

100 -

*
80 -

M

x
xm

.O

7 60 -

-
%

1

A
O x
g 40 - x

15

*
20 -

x

. . . . .
,

* 8 8 88 8
m - - m n
| |

Temperature (' F )

Cv = R + 3 tanht<T - To)/C3

Engitsh Metric
R= 45.14 61.20
3= 33.51 45.43
C= 74.75 41.53
To = 22.22 -5.43

Cv = 30 ft-lb or 41.7 J when T = -14.2 -25.7

4

a

F-17
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CV deta
File : U-7/8A

4

!

100 p

|
,

t

*80 -

X
x

n x
.o
7 GO -

e
%
v

x
0 x' 40 -

e
LE

*20 -

, , , , .g

8 8 8 8 8 8m - - cv n
| |

Temperature (* F)

Cv = A + B tanht(T - To)/C3

English Metric
A= 41.67 56.49
B= 38.34 51.98
C= 93.88 51.71

! To = 11.87 -11.18
i

CV 30 ft-lb or 41.7 J when T = -17.4 -27.4= '

,

P

l

4 points added at location given by "O' symbol. (
4 points at (-140,5)

r

|

r
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1

Check Tants for Ernerimenta UB-78. 79. & 80
Code GEB (Side 2) - Unirradiated Condition

ASTM L-C Orientationa

No Specimen Piece / Temp Energy Lat Exp Shear
Number Rou (*F) (ft-lb) (mila) (%)

_,_ __

1 256 C1 -60 18.0 18 <100
2 270 C2 -40 26.0 24 <100
3 303 D3 -20 31.0 31 <100
4 293 D2 0 35.0 35 <100
5 260 C1 20 35.0 33 <100
6 266 C2 40 41.0 39 <100
7 276 C3 60 49.0 47 <100

'

8 280 C3 150 79.0 72 95
9 283 D1 230 77.0 75 100

10 312A F1 230 81.0 73 100
11 345 8F-CHFLb -40 32.0 30 <100
12 325 8F-CMFL 0 61.0 50 <100
13 339 8F-CHFL 230 114.0 84 100
14 331 8F-CHFL 230 114.0 94 100

a Unless noted
b CHFL = ASTM C-L orientation

|

|

L
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CV dct o
. File : UBR-U

,

125 -

100 -

n
p *w

I 75 - *
-
4
ss

x
0

t 50 -

6
N

M

25 -

x

a . , , ,

8 * 8 8 8- - ~ ni

Temperature (*F)

Cv = A + B tanhC(T - To)/C3

English Metric
A= 50.58 68.57*
B= 30.73 41.67
C= 81.92 45.51
To = 60.51 15.84

Cv = 30 ft-Ib or 41.7 J when T = -5.8 -21.0
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CV det h
File : UBR-U

;

125 -

,

I

100 -

n
-

1 a ,
*

! T 75 -

1 -
4i

-
|

x
0
'- 50 -

.

6 x
M

'
M

x25 -

|

|
!

t i 1 e a
|

* 8 8 88 8
~ - - ~ n
i 1

Temperature (* F)

|

A + 3 tanht(T - To)/L1CV =
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Experiment UB-88 Unit B
Code GEB (Side 2) - As-Irradiated Condition

ASTM L-C Orientation

Na Specimen Piece / Temp Energy Lat Exp Shear
Number Row (*F) (ft-lb) falla) (E)

1 97 4B 1 -40 11.0 14 <100
2 94 4B 1 0 14.0 17 <100
3 90 4B 2 10 18.0 20 <100
4 78 4A 1 40 29.0 30 <100
5 107 4C 1 50 28.0 32 <100
6 104 4C 2 80 36.0 36 <100
7 83 4A 2 80 37.0 37 <100
8 117 4D 1 100 49.0 47 <100
9 112 4D 2 120 49.0 48 <100

10 110 4C 1 200 69.0 80 98
11 113 4D 2 240 72.0 61 100
12 77 4A 1 260 67.0 59 100

h ..
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CV dat a'
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Cv = 30 ft-lb or 41.7 J when T = 55.2 12.9
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54.0 12.2Cv = 30 ft-Ib or 41.7 J when T =

4 points added at loc at ion given by 'O' symbol.
4 point s at (-90,5)
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Erneriment DB-88 Unit B
Code GEB (Side 2) - Postirradiation Annealed 399'C (750'F) - 168h

ASTM L-C Orientation

No Specimen Piece / Temp Energy Lat Exp Shear
Number Row (*F) (ft-lb) (mils) (%)

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
9 95 4B 1 100 83.0 67 <100 *

10 175 51 110 72.0 59 <100
11 86 4A 2 200 82.0 70 100
12 76 4A 1 200 86.0 79 100

I
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Cv = 30 ft-lb or 41.7 J when T = 7.8 -13.4 :

:

| I
: -

,

!

-

i

k

I

?

l

F-27 .

|
.

. . - _ ,___.___ _ . . _ - _ _ - - . . . . - - _ _ _ . . .- . - _ - _ _ _ . , _ -.



..

Cv data
File : U68A1
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Temperature (*F)

Cv = A + B tanhC(7 - To)/C]

English Metric
A= 44.59 60.46
B= 42.18 57.19
C= 79.26 44.03
To = 36.36 2.42

Cv = 30 ft-Ib or 41.7 J when T= 7.0 -13.5

4 point s added at loc at ion given by 'O' symbol.
4 points at <-100,5)
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Eroariment UB-68 Unit B
Code GEB (Side 2) - Postirradiation Annealed 454*C (850'F) - 168h

ASTM L-C Orientation

No Specimen Piece / Temp Energy Lat Exp Shear
Number Row (*F) (ft-lb) (alla) (%)

1 116 4D 1 -80 11.0 12 <100
2 106 4C 1 -65 15.0 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 66 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

.
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.

Cv = 30 ft-lb or 41.7 J when T = -14.8 -26.0

F-30



_ _ _ _ _ _ _ _ . ___ - ________________

CV data
Ftle : U68A2
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B= 42.17 57.18
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To = 13.22 -10.43

Cv = 30 ft-1b or 41.7 J when T = -16.5 -27.0

1

4 points added at loc at ion given by 'O' Symbol.
4 points at (-120,5)
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Egeeriment UB-78 Unit A
Code GEB (SiJe 2) - As-Irradiated Condition

ASTM L-C Orientationa

No Specimen Piece / Temp Energy Lat Exp Shear
Number Row f'F) (ft-lb) (alls) (X)

1 286 D1 -40 16.0 15 <100
2 275 C3 -30 17.0 16 <100
3 284 D1 0 2G.0 23 <100 t

4 267 C2 20 53.0 29 <100
5 296 D2 40 27.0 26 <100
6 277 C3 40 36.0 32 <100
7 255 C1 60 42.0 37 <100
8 306 D3 80 52.0 47 <100
9 269 Cz 110 56.0 50 <100

10 308 D3 160 72,0 65 99
11 257 C1 220 74.0 75 <100
12 316 F3 240 77.0 75 100
13 322 E2 240 81.0 83 100
14 326 8F-CHFLb -40 14.0 14 <100
15 333 8F-CHFL -20 22.0 19 (100
10 328 8F-CMFL 0 41.0 33 <100
17 322 8F-CMFL 10 45.0 38 <100
18 336 6E-CMFL 40 49.0 45 <100
19 338 6E-CHFL 240 110.0 81 100
20 334 8F-CMFL 240 112.0 71 100

a Unless noted
b CHFL = ASTM C-L orientation
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CV d r.t c i
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CV = 30 ft-lb or 41.7 J when T = 23.7 -4.6
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Exceriment UB-79 Unit A
Code GEB (Side 2) - As-Irradiated Condition

ASTM L-C Orientation *

,

No Specimen Piece / Temp Energy Lat Exp Shear
Number Row (*F) fft-lb) (milm) (1)

1 261 C1 15 13.0 13 <100
2 285 D1 45 24.0 19 <100
3 295 D2 60 30.0 27 <100
4 281 C3 100 39.0 31 <100
5 305 D3 230 68.0 60 100 -

'

6 278 C3 230 75.0 69 98
7 341 6E-CMFLb 230 98.0 81 100
8 298 D2 20 12.0 11 <100
9 287 D1 65 24.0 17 <100

10 307 D3 80 29.0 27 <100
11 280 D1 120 45.0 38 <100 -

12 309 D3 160 55.0 <100
13 297 D2 220 68.0 59 100
14 310 D3 260 65.0 55 99
15 348 SE-CMFLb 60 34.0 27 <100
16 344 SE-CMFL 105 52.0 39 <100
17 342 BE-CHFL 240 94.0 69 100
18 346 BE CHFL 280 91.0 77 100 ;

o Unless noted
b CMFL = ASTM C-L Orientation

. ,

i

!

,

I

t

!

,

L:

'
:

1

F-39 ;

I
r

- _ __ -. - .
- - _ _ _ _ , - - - . .



. _ _ _

Cv dtto
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I To = 93.33 34.07

Cv = 30 ft-lb c- 41.7 J when T = 74.7 23.7
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l

l Excariment UB-80 Unit A |

Code GEB (Side 2) - As-Irradiated Condition |

ASTM L-C Orientationa

No Specimen Piece / Temp Energy Lat Exp Shear
Number Row (*F) fft-lb) (milm) ft)

1 314 8F3 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 BE3 110 34.0 28 <100
8 311 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 05.0 58 100
15 291 D1 300 63.0 58 100
16 337 6E-CHFLb 220 90.0 69 99
17 329 8F-CHFL 240 87.0 66 100
18 347 6E-CHFL 270 87.0 71 100

o Unless noted
b CMFL = ASTM C-L Orientation

;
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APPENDIX C

Fracture Toughness Test Results for Unirradiated, Irradiated'

and Postirradiation Annealed Conditions
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i

overview

The fracture toughness results provided in this appendix
include 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 is given for each

condition. All evaluations of the J integral use the modified form of
J, as opposed to those formulations specified in ASTM StandardsJ. g

E 813 and E 1152. J gives the same J values as the ASTM standards3
when maximum J values (Jg) from cleavage fracture tests are used,
and only small changes in Jge values for J R curve tests.

The transition regime data (Kye) are plotted and curve fit to
an exponential function, as given by

A + B exp(T/C)K -
je

with A, B, and C evaluated from non linear regression analysis. For
the case of the annealed conditions only (with few data points),
coefficient "A" was assigned a value of zero to improve the fitting

5 ven on each plot represent upper and1results. The dashed lines
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 power law and linear curve-
fitting methodologies. 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 is defined as the intersection of this
power law curve with the g8.15 exclusion line. The "E 813 87"mm
results are from an analysis using thtt - ASTM standard, whereby J , isg

defined as the intersection of the power law curve with a line
parallel to the blunting line but offset by 0.2 mm. In general, the

are higher than the "MEA power law" values of"E 813 87" values of Jge
J
Ic'

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

is0.15 mm and 1.5 mm exclusion lines. For both linear analyses, Jge
defined as the intersection of the linear curve with the ASTM blunting
line (J - 2 og aa, with og the f'. strength).

For all four JR curve u slyses (and for cleavage fracture
values are ev uated from:tests as well), KJe

h * )# e * /II ~ )K I

c.3
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where E is the value of Young's modulus at the test temperat.ure and v
is Poisson's ratio (0.3). For cleavage fracture tests, J at fracture
(i.e., J is used in place of J (Kpc values are calculated forcleavageYa)cture tests, as in Ref. y8 1.)

T values are average values of tearing modulus, T, as givenbythee,y$ tionqu

7 ,, E dJ
2

a dag

For the linear analyses, dJ/da is taken to be the slope of the line.
For the power law analyses, dJ/da is given from a closed form
solution (see Appendix H of Reference C.2), as an average slope
between the exclusion lines.

In the attached tables, values of J and K referred to as "ASTM"ge
are from an ASTM E 813 81 analysis using Jg (yefor J.R curve tests); for
cleavage fracture tests. K values areje actually Q values using theprocedures in ASTM standard E 399

,

REFERENCES
1
; C 1. A. L. Hiser, "Correlation of C and K

re/K[JSNRC
y Transition

Yrradiation,Temperature Increases Due to " Report) NUREC/CR 4395, Nov. 1985.
1

C.2. A. L. Hiser, F. J. Loss and B. H. Menke, "J.R Curve
i Characterization of Irradiated Low Upper Shelf k' elds," USNRC

Report NUREC/0R.3506, Apr. 1984
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Table G-1 Fracture Toustuiess Results for Code B (Side 2), thirradiated ennAf tion

Specimen Test (a/W),8 Sa ,b 3,p 3,p_3,g yc
Ic Jc Sc T,,g og g

!aurser Temperature y

T.A ASTM !EA ASDt MA

2 2(*C) (*F) (ama) (sma) (mm) (U/m) (U/m ) (Man) (MPad) (MPa/a) (Wa) (Wa)

dCEB2-A6 -140 -220 0.509 8.9 46.0 45.5 43.4 - 773.9 703.2
CEB2-A13 -118 -180 0.508 26.0 78.2 65.3 61.4 738.0 667.4-

CEB2-AA -90 -130 0.502 36.1 91.8 60.1 64.8 - 695.9 625.3
-

CEB2-A15 -76 -105 0.509 36.2 91.7 52.6 63.8 - 676.5 605.7
CEB2-A2 -68 -70 0.517 67.8 125.4 59.6 72.9 - 665.8 595.0

p CEB2-A14 97 -70 0.515 63.7 121.5 50.8 70.9 651.7 580.7-

*
CEB2-Al -46 -50 0.502 121.6 167.5 56.4 79.8 638.3 567.1-

GEB2-A3 -34 -30 0.516 165.7 195.3 59.3 83.4 624.4 552.9-

CEB2-A5' -18 0 0.509 137.4 118.1 177.3 164.4 607.0 535.0-

CEB2-A18' 65 150 0.525 6.05 5.72 -0.33 129.2 127.4 1N.0 168.8 99 538.6 463.0
f

CEB2-A17' 177 350 0.522 6.53 6.19 -0.34 81.6 80.4 133.0 132.0 115 504.5 420.2
f

CEB2-A16' 288 550 0.514 6.09 6.04 -0.05 117.4 110.5 156.9 152.2 56 536.4 439.5
f

* Pretest 4/W Crack growth predicted Cleavage failure precluded * Side grooved by 202
C d

h
fMeasured crack growth by compliance determination of this quantity Valid Jge, per ASDt E 813-61

, -.- . - . - - .. - _ . - _.

- . _ _ _ _
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TENATURE ('f)
-20s -tse -188 -Se e

250 , , , , ,

Code GEB (Side 2) /
38,_

/
200 -

Unirradiated Condition / #
160-

/ -

Q 158 // $~

3$ // 128-

/ -

. /
/ 4m 100 -

u
80 xs /~ -

__. "',s
50 A'/ 40-

-

' ' ' ' '
0 0

-150 -125 -180 -75 -50 -25 8

TENRTURE ('C)

Kjc = A + 3 emp(T/C)

Notete Encitsh
A= 39.61 36.44
3 = 321.00 292.85
C= 46.98 84.41

Upper Bound K = 100 when Temp = -86 -123
Ave. K= let when Temp = ~78 -109

Lower 30und K = 100 when Temp = -71 -96

G-7
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Crack Extenston (In.)
0 .020 .040 . 06 0 .000

S e e ---

1 I
SPECIMEN GEB2 I

T
R5

2500-

I4, _

It
. -

~
i e-

Ng jI | ~2000-

4 (I j 9
5 300 )I i [

-

lt Cleavage
1500 w-I

-

I Instabt1ity.

[I- ew s e200 f /--
-" '

1000 !E
-

[ v .

5 FMILIJtt TTPC M k '
#'

100 J-R ourve e es not reach %#

/I
~

the 1.5 en valueton Itne

| J ;

/,1 I t

I i 1. i >

,0s
0.5 1.0 1.5 2.0 2.f1

i

Crack Extenston (nm) :

!
!

TEST SPECIMEN DATA |

1

'
i fest T e mpe r at ur e = -10*C

Percent Side Groove = 20%
Specimen thickness 12.7 mm I

=

Intstal Crack Length = 12.95 mm Init aeW = .589
iFlow Stress 607 MPa=
i

Youngs Modulus 200200 MPa (Est imat ed Value)=

POWER TAW DATA J = C (D<>lta a)N !
MI:A Power Law _E013-07 !Jlc la?.4 kJemt l$7.3 kJint !

=
Kjt !??.3 MPa 4 109. 0 MPa4 |

=

Emponent H = .63t? .6347
Coefftetent C = 317.4 kJemt 387.4 kJemt ;

LEAST SOUARE LINEAR LINE (ASTM) J=M (Delta a) +3 |
All Data _E083-04 ;

Jtc lit.1 hJemt lle.1 kJint=
Kjt 164.4 MPa 4 164.4 MPad i

=
Slope M = 214544.3 kJen8 214544.3 kJ/m3 ii
Intercept 3 = 17.3 kJ/mi 97.3 kJemt
Valldity (E013-01) = VALID
Validi4y (E013-0?) = VALID Ii

Validity (Ell 52-SP) = YALID l
J mautnum allowed = 377.6 kJemt (Jea==SeFlow stresse20) >

Delt a a max. allowed = 1.25 mm (Delt a a max = 0.lebo) '

Final Delt a a = 1,58 na '

Potsson's Ratto (v) =.3 |2 Points Left =0 Points Right =0

i

.

.

l

l
'

i l

G-8
,

I
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t

Crack Extension (In.)
0 .050 .100 .150 .200 .250

tsee
SPEbIMENGE'B2-R18

'

5000-

I... -

4
_

* ~
f c-

MN 4000 (s jg g -

w
N h a
% * -

g 600 gt *-

/ 3000 C-i
e 11 t

.

+

'
(q u1

-
'

I 400 3-

(/,3

. l

' 2e00 :| -

E u
5 TR! LURE TYPE C k

[ (J~R curve > l.5 een b (200 tm-

|Nta t nsrH ren.YsIs PrPt.2cesLE
3

e! ' ' '

0 1.5 3.0 4.5 6.0 7.f
Crack Extension (mmt ;

|
B

. TEST SPEC!NEN DATR

Test Temperature = 65'C l

Percent Side Groove = 20% ,

6Specimen Thttkness = 12.7 mm
Init *.at Crack Length = 13.36 mm Init sew = .525
Final Crath Length = 19.48 mm Final a/4 = .744 r,

'

Flow Stress 530.6 MPa t=

Youngs Modulus = 203500 MPa (Est imated Value)
POWER LAW DATA J = C (Delta a)N

MCA Power Law E013-07
Jtc = 129.2 kJens g43,g kJfma

= 170 MPa4 100.1 MPa3Kjc .

402 kJ/m8 iJ (0J/T=0.8) =

Euponent H = .5352 .5164 c

259.2 hJ/st 250.0 hJenaCoefftetent C = <

= 99 95T (average)
LEAST $0VARE LlHEAR LlHE (ASTM) J=M (Sella .O + 0

A' I | |a4 a _ | 1 i83-08_ i

1 9.'s kjest im',4 kJemtJtt =

= 163.7 MPa4 160.0 MPa3Kjt
145279.1 kJ/m1 139203.5 kJ/m3Slope M =

103.7 kJ/m8 110.9 kJ/ma ,Intercept 3 =

= 102 90 !T (ASTM)
Validit y (Es t 3-01) = YALID i

= INVALID--c (.33 mm vs .27 mm) LValidity (E013-87)
INVALID--3 (.33 mm vs .30 mm) IValidity (Ell 52-07) =.

324.1 kJena (Jeau=3eFlow stress /20) |J maulnum allowed =

Dvita a mau. allowed = 1.2 mm (Delta a max = 0.lebo) t

Final Delta a = 5.72 mm i
.3 1Poiston's Rat t o (v) =

Points Left = 4 Points Right =2

:
C-9

i

i
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| Cecek Estonsson (in.)
' 0 .050 .100 . 15 0 .200 .250800 T~ - i I I ISPECIt1EN GCB2-fil?

4000-

I
f "c.

-

600
|

a -

% 1 * ~

N A # 3000 m-f) l I*
w M

.C.

l| ] 400 " *-

I C i2000-
i

|
,

l. -.

i E
f 5

[ rmtustc TYPE c f5 200

f
1000-

(3-R curve > . 5 ewn s %
NER t ASTH M4RL.YEIS MPPL.3 CABLE

I

b I.5 30 4.5 6.0 7. h
Crack Extension (mm)i

TEST SPECIMEN DATA
6

Test Temperature = 177'c
Percent Side Croove = 204
Specimen Thickness = 12.7 mm
Initial Cr ac k Length = 13.26 mm Init aeW = .522
Final Crack Length = 19.79 mm Final arW = .779

| Flow Stress = 504.5 MPa f

| Youngs Modulus = 197100 MPa (Estimated Value)
1 POWER LAW DATA J = C (Delta a)N

MEA Power Law _E013-87
Jlc o $1.6 kJee8 800 kJen8 i

Kjt = i33 MPa4 152.9 MPa4 ,

. J (0Jef=0.9) 393.2 hJem8 L
=

! Emponent H = .673 .6113 i
| Coefficient C 217.4 kJ/m8 222.1 hJee8 ;=

T (average) = 115 107
LEAST $9UARE LlHERR LINE (ASTM) J=M (Delta a) * 3

| Al l ~ Das a E413-el
Jic be.4 hJin8 te.4 kJem8=,

I Kjc = 132 MPa/K 132 MPa/E
Slope M = 147542.3 kJen8 147542.3 kJ/m3i

| Intercept B 69.6 kJ/m8 60.6 kJem8=
i 7 (ASTM) = !!4 114
| Validity (E013-81) VALID=

Validity (E013-07) IHVALID--c (.34 se vs .27 mm)=

Valldity (E1152-87) INVALID--1, 3 (.34 mm vs .10 mm) ,

=

J maulmum allowed a 306 kJem8 (Jean =BeFlow stresse20) !
Delt a a mau. allowed = 1.28 mm (Delt a a max = 8. lobo) '

Final Delta a = 6.10 mm i

| Pulsson's Ratio (v) =.3
'

Points Left =4 Points Right =2 |

|

G-10
,

I
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i

F

Crcck E x t o,% I C n (in.)

0 .050 .100 .l50 .200 .250
See i i ; i i

SPECIt1EN GEB2-Pil6

3e00-

fl_
jsee -

,_

a
i I "c*

* 2500j .

h h40s #-

, t -

aeee L6 ['
I -

[
~

i 300 t
-

;: $
,

1500 i-

~

G i<
g 20e - 1 -

|bl Fm! LURE TYFE C
. neee "'

-
r k

.
,

f (J-R curve > 1.5 men >>
10e I Ntm L Asnt an.YsIs nPPl.lcasLt 5e0-

3
J :

l)
0 1.5 30 45 60 7.h

Crack Extension (mm)

!
T1,$T SPECIMEN DATA

.

Test Temperature = 200ec
Percent Side Croove = 20% *

Specimen Thickness = 12.7 mm
Int s t al Crack Length = 13.07 mm Init arW = .514 !.

Final Crack Length = 19.16 mm Final a/W = .754 [
Flow Stress 536.4 MPa -=

"

190000 MPa (Est imated Value)Youngs Modulus =

POWER LAW DATA J=C (Delta a>N
_MCA Power Law _ E083-07

= 117.4 kJ/m3 12$.0 kJemtJtt
156.9 MPa/W 162.4 MPa/WKjt =

331 kJ/maJ (0Jef=0.8) =

.3959 4111EuPonent H =

199.5 kJ/m3 201.1 kJem8Coefftttent C =

T (average) = 56 50
LEAST SOUARE LINERR LINE (RSTM) J=M (Delta a) ++0

All Data _ E083-04
Jtc = lle.S kJ/mi lle.S kJ/mt

= 152.2 MPa/W 152. 2 MP a /WKjt
99244.7 k J/m3 99244.7 kJ/m3Slope M =

100.3 kJ/mi 100.3 k J/miIntercept 0 =

7 (ASTM) = 66 66
Validity (E013-01) = VALID
Yalidtty (E013-07) = INVALID--b
Valldity (Ell 52-07) = INVALID--2
J maulmum allowed = 330.5 kJ/m8 (Jesu=9eFlow stress /20)
Delt a a nau, allowed = 1.23 mm (Delta a mau = 0.lebo)
Final Delta a = 6.05 mm
Poisson's Ratto (v) = .3
Points Left = 0 Points Right = 1

C-11
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Irradiated Condition, Experiment UBR 68
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_

M1e G-2 Fracture 74--- for Code 23 (Side 24. I Condition (Irradiated Emperiment M)

Specimen Test ( W,* Aa ,' as " g-Sa, ge je % T ,g og gJ K
p

meer Temperature
MA, ASTM NEA ASTM MA

(*c) (*r) (mm) (mm) (sm) (u/m-) (u/s ) (wa&) (wa&) (wa&) (wa) (wa)
I,

d 719.7 6%.9CE32-A20 -40 -112 0.531 16.1 61.3 57.4 52.6 -

680.9 617.7CEa2-A29 -50 -58 0.514 18.1 64.7 65.2 53.2 -

663.2 599.7E32-A25 -35 -31 0.528 29.4 82.3 69.9 60.1 -

i

212-A24 -25 -13 0.490 61.4 118.7 71.7 70.8 652.2 588.4-

644.7 500.7GER2-A31 -18 0 0.513 75.8 131.7 67.2 73.4 -

282-A30 -3 +23 0.514 107.5 1%.6 50.6 77.7 - 631.6 %7.2
a

h 626.8 %2.22 12-A19 0 +32 0.554 117.1 163.4 51.5 78.6 -

G E2-A36 40 +104 0.509 5.93 5.44 -0.49 139.1 97.7* 177.0 148.3 133 593.1 526.2 i

CER2-A7f 177 +350 0.511 6.35 6.% +0.01 106.7 107.3* 152.0 152.5 62 542.2 465.9
fCE32-A9 288 +550 0.501 7.40 6.85 -0.55 100.4 98.1* 145.0 143.4 44 574.1 485.2

!

Crack growth predicted by compliance * Valid Jge, per ASTM E 813-81* Pretest s/W C

d I2 red cradt growth Cleewege failure precluded determi- Side grooved by 20%
nation of this p tity

|
i

!

.--
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TE N N E P n ;

-125 -75 -25 25
200 , , , ,

#Code GEB (Side 2)
/ 150

158 Irradiated (UBR-68) //-

/ / |20 h-
-

. / i !

- / / 5 i

'

% 100 / / .90 E-
-

~ / / 6 !

$
._.

's' ,A ux / x" :
60,# -

3 ,

d s' I50 -

'
- !3a_

!
!'' ' ' '

0 0 !
-100 -80 -60 -40 -20 8 :

TE WER N E P C) !

i

[

Kac . a . 3 e act c) ;

noiric rean.n L

(A* 33.26 34.27'
3 = 136.23 123.98 ,,

C* 42.71 76.89 |
'Upper lowed K e 100 when Temp = -37 -35 ,

Ave. K = let when fenp = -30 -23 i

Lower Sound K = let when Temp e -24 -Il (
[
i

i

f
1 !
;

i

!

4

C-14 j

!
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i

Cecek Extension (In.)
0 .050 .100 .350 .200 .ESO

1250
1 I I I i 7000 r

-

SPECIMEN GEB2-M36

/
- 6000

lees , g-

[ j^ c) [ {5000-

,

/ T: 750 :
, .-

* 4000 5 ;} -

|3 w

2 [ u
I 500 3000 $-

-

f= + ;

E
M ||

' u t

f 2000 0
~

1 % rattunt 1TPt c

[250 (J-m curve > t . 5 ee n %9
Mcm k Asin Pew vsrs errt.tcastr. 1000

fy I
-

,

1.5 3.0 4 5 6.0 7.f
.

Crack Extension (mm)
!
f

TEST SPECIMEN DATA
t

1 Test T e mpe r at ure = 40*C i
j Percent Side Prcove = 04 *e

| Specimen Thickness = 12.7 mm i
< Initial Crack Length = 12.93 so Init aeW = .509 1

I Final Crack Length = 18.06 mm Final a/W e .742
Flow Stress = 593.1 MPa<

Youngs Modulus = 204900 MPa (Est imated Value)
POWER LAW DATA J = C_(Di'Ita a)N i

MI ,A Power Law _E013-97 ,Jts = lat.t kJem3 iS9.1 k Jemt }4

i Kjc = 177 MPad 109.3 MPa4 ;

J (0J/T=8.8) 672.4 hJ/m8 !=
Esponent H = .6789 .6968 [;

'

Coefftstent C 339.6 hJ/m8 342 kJemt |
=

| T (average > 133 130 ;=

LEAtf $4UA#E LINEAR LIN( (ASTM) J=M (Delt a a) * 3 *
|

! All Dat a _i: 013- S l _.
,

|
116.5 kJintJtc ti.? kJint' -=

! Kjc = 157.8 MPa 4 148.3 NPan r

*Store M = 243447.5 hJee8 262110.5 hJemt.

07.8 hJem8 76.1 kJemtIntercept 8 =

T (ASTM) = 142 153
Validity (E813 St) VALID [

=
,

Validity (Ett3-8F) INVALIDa*c (.40 mm vs .29 mm) ;
' =

Validity (E1152-97) IHVALID--3 (.49 se vs .10 mm) [
=

J maatava allowed "9. 6 k J/m8 (Jea==3* Flow stresset0) t
i Delt a a man. allowed e ** mm (telta a mau = 8. t *L o) ;

(Final Delta a i en
Poiss an's Rat t o (v) i,

; Points Left n , Polnss Right =2 |

i !
*

i

1
I

{
:

G-15

|
|

,
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i

Crack Extension (in.)
0 .050' .100 .150 .200 .250

' SP CIMEN GEB2-H7 - 1000

li-
!500 ^-

~
;- e

N i i 3000 (a , -

N , * a
N 450 l * 'I

|,J
-

- -
- g

f3 * w

3 ff 2000 m-

I 300 i 3-

o .

? | / 5

ff
I5 rAILlJRE TYPE c 1000-

f150 (J-R curve > 1. 5 em) %
HER l. ASTH ANALYRIS RPPl.ICABLE

f

0 1.5 3.0 4.5 6.0 7f
Crack Extension (mm)

TEST SPECIMEN DATA

Test Temperature 177ec=

Percent Side Groove = 289
Specimen Thickness = 12.7 mm
Init i al Crack Length = 12.83 mm Init a/W = .585
Final Crack Length 19.18 mm Final a/W = .755=

Flow Stress = 542.2 MPa
Youngs Modulus = 197188 NPa (Estimated Value)
POW Q LAW DATA J = C (Delta a)H

MER Power Law E813-87
Jtc = 186.7 kJ/ma g39.7 kJ/mi
Kjc 152 MPa 4 161 NPa/E=

J (8J/T=8.8) = 358 kJ/ma
' Exponent H = .445 .4144

Coefficient C 197.4 kJ/ma 196.1 k J/m8=

T (average) = 62 59
LEAST SQUARE LINEAR LINE (ASTM) J=M (Delta a) +3

All D a t a __ .. E 813-81
Jtc 107.3 kJ/ma 307.3 kjema=

,

Kje = 152.5 MPad 152.5 MPa4
Slope N = 91687.1 kJ/m3 91687.1 kJ/m3 i
Intercept 3 = 98. 3 k J/m8 98.3 kJ/mi
T (ASTM) = 62 62
Validi ty (E813-81) = YALID
Yalldity (E813-87) = VALID
Yalldity (Ell 52-87) = VALID
J maximum allowed = 348.6 kJ/m8 (JuaxaBeFlow stress /28)
Delt a a max. allowed = 1.25 mm (Delt a a max = 8.lebo)
Final 9 elta a = 6.32 mm
Poisson's Ratic (v) = .3
Points Left = 2 Points Right =2

1
1

G-16
I
,
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Crack Extunston (in.)
O .050 .100 .150 .200 .250

750
SPECIt1EN GEB2-RS - 4000

Isee -

h
g

| cn

N 3000 (g / J * -

N j M n

f
5 * -

5 950 g
-

*

/
*i v

3 f ** 2000 e-

,

300
f fi D * I**s' w

k " b
h FAILURE TYPF. C 1000-

f150 (J-R curve > 1.5 mm) 5
t1EA 3. ASTM ANALYSIS APPLICABLE

I
|

1.5 3.0 45 6.0 7.f '

f Crack Extension (mm)

I
,

! TEST SPECIMEN DATA

Test Temperature = 288'C
Percent Side Groove = 20*4
Specimen Thickness = 12.7 mm
Inttial Crack Length = 12.73 mm Intt ,s/ W .501=

Final Crack Length 20.13 mm Final a/W = .792=

Flow Stress 574.1 NPa=

Youngs Modulus n 190800 MPa (Estimated Value)
POWER 18- DATA J = C (Delta a)N

MER Power Law E013-87
Jic 100.4 kJ/m* 110. 7 k J/m2=

Kjc 145 MPa/E 152.3 MPa4=

J (8J/T=8.8) 300.5 kJ/m2=

Exponent H = .3973 .38
Coefftetent C = 177 kJ/mi 175.2 kJ/mi
T (average) = 44 42 .

LEAST SQUARE LlHEAR LINE (ASTM) J=M (Delta a) + B
J11 Dat a E813-81

Jte 98.1 kJ/mt 98.1 kJ/mi=

Kjc 143.4 MPa/E 143.4 NPa N=

81452.4 kJ/m3 81452.4 6 h m3Slope M =

Intercept B = 91.2 kJ/mt 91.2 kJ/mi
T (RSTM) 47 47=

Validity (E813-81) VALID=

Validity (E813-87) IHVALID--c (.55 mm vs .25 mm)=

Validt-r (E1152-87) = IHVALID--3 (.55 mm vs .19 mm)
363.6 k J/mi ;Jmax=B+ Flow str*ze i;a )J maximum allowed =

Delta a max. allowed = 1.27 mm (Delta a max = .A i st o)
Final Delta a 6.35 mm |=

Poisson's Ratio (v? .3=

Points Left = 0 Points Right =2

G-17
|
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|
|

Irradiated (Experiment UBR-68)

Annealed (at 399'C for 168 h)

G-18
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#

Table G-3 Fracture Toughnea? 7esults for Code CES (Side 2), IA Conditi m
(Irradiated Expec#4e M-68, Ana==1ed at 399 C for 168 h)

K TK, ~g of a
Speci - Test (a N) ,a A8 A*p As -Aa, J y ym p k
h er Tamperature

wa Astn wA ASTn wa

2 2
(*C) (*F) (mm) (mm) (mm) (kJ/m ) (kJ/m ) (Man) (Ma4) (MPa a) (Wa) (MPa)

CE32-A27 -80 -112 0.520 23.8 74.5 56.9 58.0 - 686.0 623.2d

CEB2-A21 -57 -71 0.512 55.7 113.5 39.9 69.7 - 655.8 592.7

232-A26 -50 -58 0.512 75.0 131.6 49.2 73.6 - 647.2 584.0

628.4 564.9
CEB2-A32 -34 -29 0.522 41.2 97.4 51.6 63.3 --

611.0- 547.0
CEB2-A33 -18 0 0.507 137.4 117.4 49.6 79.8 -

{ 593.1 528.5* CEB2-A35 0 +32 0.528 129.7 171.9 50.9 77.2 --

CEB2-A10* 177 +35C 0.506 6.75 133.5 129.58 170.0 167.5 - 89 A6.5 432.2f -f

_

d 8 Valid J7e, per ASIM E 813-61* Pretest a$ Cleavage failure precluded deter-
Mcasured crack growth miration of this quantity

Crack growth predicted ' tide grooved by 20%C
Iby compliance Cannot be determined

- . ., _ ,... . _ _ . , , , , _ _ . _ _ , . - - - . . _ . _ . . _ _~ . . , _ _ , _ _ , _ . _ ~ _ _ _ . , . . . _ _ , . _ . _ _ .__



TEifERATURE ('F)

-200 -100 0 100
250 ., , , ,

Code GEB (Side 2) /
zee-

/
200 IA Condition-

- (UBR-68, 399 C/168 h) /
^

150-
-

Q ISB ,/ ,/ d-

m - - -

D s# / 5s
100

-- /4,o 100
-

j a- 6
x

4
/

,

5050
-

-

' ' '0 0
-150 -100 -50 0 50

TEMPERATURE ('C)

Kjc = 3 * exp(T/C)

Metric Enolish
3 = 180.10 163.90 )C = 106.04 192.32

j

Upper Bound K = 100 when Temp = -96 -141
Awe. K= 100 when Temp = -63 -81

Lower Sound K = 130 when Temp = -45 -49

;
,

|
t
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Crack Extension (in.)
0 .050 .100 .150 .200 .250

000 g , g i i
SPECIMEN GEB2-R10

4000-
,

GOO - !f.
f M m

"
"c

/
a

4m , -

b3000* -

2 / * 7I, ev
II |

-

} 400 "

yt
j-

2000 EC II -

~

E 13
r; f; -

|
t u

k- f,M "! OO rRILURE TYPE C
1000

f
-

(J-R ourve > .1. 5 run) g
NE'A 16 ASTH ANALYSIS APP 1.ICABLE

f
'

;

# L I ' I0: 7.hO 1.5 3.0 4.5 6.0
Crack Extens1.n (mm)

4

TEST SFECINEN DATA
N at e r i al Type = A-335 Forging
Test Temperature = 177*C
Percent Side Groove = 28%
Specimen Thickness = 12.7 mm
Ini t i al Crack Length = 12.87 mm Ints a/W = .586,

Flow Stress 588.5 NPa=

197188 NPa (Estimated Value)Youngs Modulus =

POWER LAW DATA J = C (Delta a)H
NEA Power Law E813-87
133.5 kJ/ma 143.3 kJ/m2Jtc =

178 HPa4 176.2 NPa4Kjc =

489.6 kJ/m2J (8J/T=8.8) =

Exponent H = .4717 .4789
241.8 kJ/m8 237.4 kJ/mtCoefficient C =

89 87T (average) =

LEAST SOUARE LlHERR LINE (ASTN) J=N (Delta a) +B
All Dat a _ _E813-81
129. 5 k J/m2 129.5 k J/miJte =

167.5 HPad 167.5 NPa4Kjc =

Slope N = 115558.7 kJ/m3 115558.7 kJ/m3
114.8 kJ/ma 114.8 kJ/miI nt e.'c e pt 3 =

T (ASTN) = 88 88
Validity (E013-01) = VALID
Validity (E013-87) e VALID 'd

= VALIDValidity (Ell 52-87)
318.5 kJ/m8 (Jmax=BeFlow stress /28)J maximum allowed =

Delta a max. allowed = 1.25 mm (Delta a max = 8.lebo)
6.77 mmFinal Delta a =

Poi sson's Rat t o (v) .3=

2Points left = 1 Points night =

!

;

G-21
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Irradiated (Experiment UBR-68)

Annealed (at 454'C for 168 h)

G-22
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Table G4 Fracture Toughness Results for G;;!e ER (Side 2). IA Condition
(Irrah ated Experiaant U R-68, Annealed at 454*b for 168 h)

Speciam Test (aN),8 aa,b 3,p am -aa, ge yc g T,q eg g jc J K K
p i

Number Temperature
E.A ASTM LEA ASTM !EA

(*C) (*F) (sus) (mm) (um) (kJ/a ) (kJ/m ) (MPad) (Wa4) (MPad) (MPa) (Wa)2

51.6 49.1 46.4 711.2 644.1d
CEB2-A23 -110 -166 0.528 11.3 -

CZR2-A34 -90 -130 0.524 52.7 110.9 52.1 70.3 681.6 614.4

GEB2-A8 -65 -85 0.519 51.6 109.4 47.0 67.7 647.6 580.1

CEE2-A28 -38 -36 0.524 59.4 117.0 45.4 67.4 614.6 546.6

y CEB2-A11 -24 -11 0.519 111.7 160.1 47.4 75.3 599.0 530.7o

CEB2-A12* 177 +350 0.541 6.28 6.04 -0.24 123.7 120.2 163.7 161.3 83 490.2 409.3f

. . .

a Precest aN Cra u x owth predicted Cleavage failure precluded * Side grooval by 202dC
fdetermination of this quantity Valid Jge, per AS1M E 813-61h Measured crack growth by comp.:.. w

._____ -
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TEMPERHilJRE UD

-209 -150 -100 -50 0
200

'

, , , , ,

175Code GEB (Side 2)
~

'

/
150lA Condition / -

^
150 - (UBR-68, 454 C/168 h) /

/ - 125
/ -

h=
# Vos / 100 *-

$ 100
'

j'-

j

4 / 75 o "-

w / %
/ *

/
5050 a- -

s

- 25

' ' ' ' '
0 0

-150 -125 -180 -75 -50 -25 B

TEMPERATURE ('C)

Kjc = 3 e exp(T/C)

Metric Enolish
3 = 186.99 170.17
C = 114.93 206.87

Upper Bound K = 100 when Temp =-102 -152
Ave. K = 100 when Temp = -72 -97>

Lower Bound K = 100 when Temp = -54 -65

G-24
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Crack Extension (in.)
0 .050 .100 .150 .200 .250

750
SPEbIMEN GEB2-fil2 4000-

! ^
500 f

- a
j * ca

3000 (N / I -

g ,
\ k

a
b i -

" I
1.* 450 - cw

-

I
wm ,

3 f 2000 u-

31 300
i -[ !

f
n

I:

f FAIL 1JRE TYPE cj h 1000-

f
(J-R curve > 1. 5 ewn) %

| 150
| rER s. ASTil ANAL'fSIS APPLICABLE

I

7.h| 1.5 30 4.5 6.0

Crack Extension (mm)
|

TEST SPECIMEN DATA
!

| Test Temperature = 177*0
! Percent Side Groove = 20%
| Specimen Thickness = 12.7 mm

Int s t al Crack Length = 13.75 mm Init a/W = .541
= 20.03 mm Final a/W = .788Final Crack Length

490.2 MPaFlow Stress =

197100 MPa (Estimated Value)Youngs Hodulus =

POWER LAW DATR J = C (Delt a a)H
MER Power Law E013-87
123.7 kJ/ma 136 kJ/maJte =

163.7 HPa/E 171.6 HPaaKJc =

399.6 kJ/m2J (9J/T=0.8) =

.4473 .4352Exponent H =

219.1 kJ/ma 217.4 kJ/miCoeffletent C =

= 83 80T (average)
LEAST SQUARE LINEAR LlHE (ASTN) J=H (Delt a a) + B

All Dat a _ E813-81
129.2 kJ/mi 128.2 kJ/m2Jte =

161.3 HPa/E 161. 3 HPa/EKjc =

191955.6 kJ/m3 191955.6 kJ/m3Slope N =

107.7 kJ/mi 107. 7 k J/m2Intercept B =

= 84 847 (RSTP)
Valldity (E813-01) = VALID
Vall di t y (E013-87) = VALID

IHVALID--3 (.22 mm vs .37 mm)Validttp (E1152-87) =

J maximum a11 owed = 285.2 kJ/m8 (Jmax=BeFlow stress /20)
Delta a max. allowed = 1.16 mm (Delta a max = 0.1*bo)

= 6.05 mmFinal Lelta a
.3Foisson's Rat io (v) =

= 0 Points Right =2Points Left

C-25
|
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Unirradiated Condition Check-Tests

i

G-26
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Table G-5 Fracture Toughness Raoults for Code GER (Side 2), Dairradiated FMttion (Check-Tests)

Spccinen Test (a/W),a 3,p Ic Je ( T,,, of 7b c y E a
.

hh Temperature
EA ASTM MA ASTM EA

(*C) (*F) (un) (mm) (ur) (U /m ) (U /m ) (Wa/5) (WaM) (Ma/s) (Wa) (Wa)2 2

720.9 650.4
CEB2-8E4 -107 -160 0.507 26.5 76.1 55.1 60.7d -

672.4 601.7
CEB2-8E5 -73 -100 0.509 63.8 121.8 49.7 71.4 -

631.2 559.9
CE12-8C4 -40 -40 0.509 113.9 161.9 50.1 73.0 -

GEB2-8C6 31 88 0.517 6.06 4.76 -1.30 222.1 130.1 223.9 171.4 157 562.2 483.8

GEB2-8C5* 177 350 0.656 4.18 3.78 -0.40 109.4 108.3 153.9 153.2 83 504.5 420.2
o

h GEB2-8E6' 177 350 0.515 6.71 5.66 -1.15 136.0 137.7 171.6 172.7 87 504.5 420.2

d
* Pretest a/W c Crack growth predicted Cleavage failure precluded determination of this quantity

Mea 1ured crack by compliance * Side grooved by 20Zb
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!

Crack Extenston (in.)
0 .050 .100 .150 .200 .2501500 , , , i i

SPECIMEN GEB2-8C6
8000

!1208 -

e pj *n
cN

,"g I 6000-

/| % *
g 900 -- *

; v
| 3 [ v

4000- uI 600
/ I

-

=
o 9

[r ~

t

-[j 5 rAILURE TYPE c
- 2000[300 (J-R curve > 1. 5 run t 5

NEA IL ASTH ANRt.YBIS APPLICABLE

NI f
0 1.5 30 4.5 60 7. h

Crack Extens ton (mm)

TEST SPECIMEN DATA

Test Temperature 31*C=

Percent Side Groove = 0%
Specimen Thickness 12.7 mm=

Initial Crack Length = 13 13 mm Init a/W = .517
|

| Final Crack Length 19.19 mm Final a/W = .755=

Flow Stress 562.2 NPa=

Youngs Modulus 205400 NPa (Estimated Yalue)=

POWER LAW DATA J = C (Delt a a)N
MEA Power Law E813-87Jic 222.1 kJ/ma 219.7 kJ/mi

=

XJe 223.9 NPa4 222.7 NPa4=

J (8J/T=8.8) 1914.6 kJ/mi=
Exponent 3 = .6059 .6864
Coefficient C 419.4 kJ/mi 415.8 kJ/mi=

T (average) 157 178=

LEAST SQUARE LIHERR LINE (ASTN) J=N (Delta a) + 3
All Dat a _E813-88Jic = 175.2 kJ/mi 13e.4 kJ/mi

Kjc 198.9 NPa4 171.4 NPa4=
Slope N = 272884.1 kJ/m3 331812. 5 k J/m3Intercept 3 = 132.7 kJ/m2 91.7 kJ/mtT (ASTN) = 177 216Validity (E813-81) IHVALID--b, c (1.29 mm vs .9 mm)=

Validity (E813-87) = IHVALID--e (1.29 mm vs .32 mm)Validity (Ell 52-87) INVALID--3 (1.29 mm vs .10 mm)=

J maximum allowed 344.6 kJ/mi (Jeax=BeFlow stress /20)=

Delt a a max. allowed = 1.23 mm (Delta a max = 0.1*bo)Final Delta a = 4.76 mm
Poi sson's Rat t o (v) =.3
Points Left =2 Points Right =0

G-28
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Creek Extension (in.)''

0 0.05 0.10 0.15
750 i i i i i i i

SPECIMEN GEB2-8C5 4000.

! gSE1
|I

--

c|n "3000N IJ I -

a n
% (q -
5 * I
.x 450 t * c-

w M -

/ * w
! m ,

f,f 2000 u* * -

ew -
\ 300 -

/'; 5
|

- +
m

E |
ff

ra; LURE TYPE c 10005 -

[ MER & RSTH ANAL'fBIS APPt.ICABLE
(J-R ourve > 1. 5 run n 8150 -

| 1
'

g , .$_ a I n n

5.h
.

O 1.0 2.0 3.0 4.0

Crack Extension (mm)
,

1

f TEST SPECIMEN DATR

17?eCTest Temperature =

Percent Side Groove = 2 8 P.
Specimen Thickness = 12.7 mm
Ints t al Crack length = 16.67 mm Init a/W = .656

= 28.85 mm Final a/W = .82Final Crack Length
Flow Stress = 584.5 MPa

197100 MPa (Est imat ed Value)Youngs Modulus =

POWER LAW DATA J = C (Delt a a)N
MER Power Law __ E813-87

Jic = 189.4 kJ/ma 121.2 kJ/mt
153.9 MPad 162 MPadKjc =

:
J (9J/T=8.8) > 461.1 kJ/mi
Exponent H = .4982 .4982
Coefficient C = 211.3 kJ/mt 211.3 kJ/m2
T (average) = 03 83
LERST SQUARE LlHERR LINE (RSTM) J=M (Delt a a) +3

Ril Data _ _E813-81
Jic = 100.3 kJ/mi 188.3 kJ/mi

153.2 MPad 153.2 MPa4Kjc =

18C765.3 kJ/m3 186765.3 kJ/m3Slope M =

96.8 kJ/mi 96.0 k J/m8Intercept 3 =

83 03T (ASTM) =

Val t dt ty (E813-81) = YALID
-

IHVALID--e (.39 mm vs .27 mm)Vattdtty (E013-87) =

IHVALID--3 C.39 mm vs .13 mm)Valldity (E1152-07) =

229 kJ/m3 (Jeax=BeFlow stress /28)J maximum allowed a

Delt a a max. allowed = .87 mm (Delt a a max = 0.lebo)
3.70 mmFinal Delta a =

.3Poisson's Ratto (v) =

= 0 Points Right =0Points Left

i

G-29
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Crack Extenston (in.)
0 .050 .100 .150 .200 .250750 --i i . . .

SPECIMEN GEB2-8E8 4000-

!500 -

f g
j cm

Ng I 3000 (-

$ I Og 450 / 1
-

[k
,

o -

jm "

f - 2000I *
u

I 300 0-

E i

E '

f u
fh FAILURE TYPE C 1000

f
-

150 (J-R ourve > 1. 5 rM h

}g
TEA B. ASTH ANALYBIS APPL 3 CABLE

|
Oil' I ' ' '

O
O 1.5 3.0 4.5 6.0 7.5

Crack Extension (mm)

TEST SPECIMEN DATA

Test Temperature = 177*C
Percent Side Groove = 20%
Specimen Thickness 12.7 mm=

Initial Crack Length = 13.09 mm Init a/W = .515
Final Crack Length 19.0 mm Final a/W = .779=

Flow Stress = 504.5 MPa
Youngs Modulus 197100 MPa (Estimated Value)=

POWER LAW DATA J = C (Delta a)N
MER Power Law E013-07

Jic 136 k J/na 148.6 k Pat=

Kje 171 6 MPa 4 179.4 NPa4=

J (0J/T=0.8) = 395.1 k J/m2
Exponent H = .4568 .4569
Coefftetent C = 240.4 k J/mi 240.4 kJ/mi
7 (averagen = 87 87
LEAST SQUARE LINEAR LINE (ASTN) J=N (Delta a) +3

All Dat a _ E813-01
Jte 137. / k J/mi 137.7 kJ/mt- =

Kjc 172.7 MPaa 172.7 NPa4=

Slope M = 111621.2 kJ/m3 111621.2 kJ/m3
Intercept 3 = 122.5 kJ/m2 122.5 kJ/m2
7 (ASTN) 07 87=

Valldity (E013-81) IHVALID--c (1.04 mm vs i mm)=

Validity (E013-87) IHVALID--e (1.04 mm vs .27 mm)=

Validity TEll52-87) IHVALID--3 (1.04 mm vs .19 mm)=

J maximum allowed = 310. 3 k J/mi (Jmaxa3* Flow stress /20)
Delt a a max. allowed = 1.23 mm (Delt a a max = 0.lebo)
Final Celta a = 5.66 mm
Pot sson's Rat t o (v) = .3
Points Left =0 Points Dight =0

G-30
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Irradiated Condition, Experiment UBR 78
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Table G-6 Fracture Toughness Ramats for Code C3 (Side 2), Irr=rtiared Condition (Experimmt UML-78)

b cSpeci:ssa Test (aN)," g 3,p 3,p.A8 Ja Ie Kyg ( T cf ghaber Teperature * *

W.A ASIM M.A ASIM E.A

2 2(*C) (*r) (=) (mm) (me) (kJ/m ) (u/m ) ( ,,g) ( ,,g) ( ,,g) (,,) (,,)

CEB2-8n3 -110 -166 0.510 d
5.0 46.6 45.3* 44.2 800.7 737.0

CEB2-854 -90 -130 0.506 21.8 71.3 53.2 59.5 771.1 707.3

GE12-8A2 -80 -112 0.516 29.2 82.4 55.5 64.3 757.1 693.2--

GE32-8D6 -50 -58 0.504 42.4 98.0 51.9 68.5 718.3 654.0
i

M CE32-833 -40 4 0.509 61.9 119.4 52.4 74.5 706.4 641.9
GEE 2-8D1 -30 -22 0.495 62.5 119.8 47.8 73.8 695.0 630.3
CE32-812 -25 -13 0.499 101.9 152.9 50.7 81.5 689.6 624.7

fCE32-8D4 0 +32 0.505 162.3 192.2 664.2 598.5
CEB2-8A38 177 350 0.546 7.33 6.61 -0.72 121.8 114.3 162.4 157.3 56 579.6 502.2

h

GE32-8158 288 550 0.537 5.55 5.63 +0.08 86.9 81.1 135.0 130.4 48 611.5 521.5
h

* Pretest aN d Cleavage failure precluded deter- 3 Side grooved by 20%" Measured crack growth mination of this quantity h
Valid JCrack growth predicted * Valid Qe, per M E 399 ge, per AS1M E 813-81C

by compliamra Data exceed the 0.15 se exclusion before cleavage



TEMPERATURE (*F)
,

-15e -les -5s a
20e , , , ,

175-

|

Code GEB (Side 2) / 150-

Irradiated (UBR-78)
/^150 -

125/ -

f _

d a
9* ' f

100 il
-

' / Rb lBB --

__.

s
/ :5

4 75 u^ / -

-
__ a ,~ g*

W
50l 58

-

-

25~

|

' ' ' ' '
0 0

-120 -100 -80 -60 -40 -20 0

TEWERATURE ('C)

Kjc = A + 3 exp(T/C)

Metete EnctIsh
A= 60.25 62.11
3 = 195.75 170.14
C= 27.00 48.60

Upper Sound K = 100 when Temp = -59 -74
Ave. K = 100 when Temp = -49 -56

Lower Sound K = let when Temp = -41 -42
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Crcek Extension (in.)
0 0.05 0.10 0.15 0.20 0.25500 , , , , ,

SPECIMEN GEB2-8D4

2500m -
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" ^

|
* "c-
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* 2000 {e -

*

|i e
r 300 -

II * 1*
|| | * C l e av ag e 3I0Bi I | S abt!!ty ~ "

C ll 2200-
i -"

1000 %E
j

'
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f e
5 FRILURE TYPE B k

100 : (, J-R curve does not re ach h,

the 1.5 rn exclueton Itne
t,

jf I

gg i i i i g
0 1.5 3.0 4.5 6.0 7.5

Crack Extension (mm)

TEST SPECIMEN DATR
i

Test Temperature = 0*C
Percent Side Grooue = 0 *4
Specimen Thickness = 12.7 mm
Initial Crack Length = 12.83 mm Init a/W = .505
Flow Stress = 664.2 NPa
Youngs Nodulus 207200 NPa (Est imat ed Value)=

POWER LAW DATA J = C (Delta a)N ,

MEA Power Law E013-87
Jic = 162.3 kJ/ma 173.5 kJ/mi
Kjc 192.2 NPa 4 198.8 NPad=

Exponent H = .3988 .3988
Coefficient C = 271. 7 k J/mi 269.1 kJ/mt
LERST SQUARE LlHEAR (INE (ASTM) J=N (Delta a) +3

All Dat a E883-81
"9 kJ/ma 331.8 kjentJic =

XJc = 0 MPa4 203.5 NPa a
Slope M = 0 kJ/m3 2.7 kJ/m3
Intercept 3 = 0 kJ/mi 181.8 kJ/mi
Valldity (E813-81) IHVALID--a, b

|
=

Validity (E813-07) IHVALID--a, b=
Yalidity (Ell 52-87) ,

!HVALID--2=
r

J maximum allowed 417.3 kJ/mt (Janx=3sFlow stress /20) I=

Delta a max. allowed = 1.26 mm (Delt a a max = 0. lebo)
Final Delta a 6.07 mm=

Poisson's Ratio (v) = .3
Points Left 2 Points Right =0=

1

C-34
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Creek Extonsten (In.)
0 0.05 0.10 0.15 0.20 9.25
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"1000-

k
h FRIListC TYPE C'

120 (J-R ourve > t . 5 run t %
, HER s. ASTH ANALYBIS APPLICABLE 500-

, |f
||

| $ t i I I

7.fO l.5 3.9 4.5 6.0

Crack Extension (mm)

TEST SPECIMEN DATR

177'CTest Temperature =

Percent Side Groove = 20'4
Specimen Thickness = 12.7 mm
Initial Crack Length = 13.88 mm Init a/W = .546

21.21 mm Final a/W = .835Final Crack Length =

579.6 MPaFlow Stress =

197198 MPa (Est imat ed Value)Youngs Modulus =

POWER LRW DATA J = C (Delta a)N
MER Power Law E813-87
121.8 kJena 127.4 kJ/m2Jtc =

162.4 MPa 4 166.) MPadnKjc
331 k J/maJ (tJ/T=8.8) =

.4185 4315Exponent H =

214.9 kJ/mi 218.6 kJ/miCoefficient C =

56 57T (average) =

LEAST SQ'JRRE LlHE AR LlHE (RSTM) J=M (Delta a) +3
M11 Dat a . E983-81

[ 114.3 kJ/mi 114.3 kJ/m2Jte =

157.3 MPa4 157.3 MPa4Kje =

102427.1 kJ/m3 182427.1 kJ/m3Slope M =

104.2 k J/mi 104.2 kJ/miIntercept 3 =

= 60 60T (ASTM)
= VALIDV41tdtty (Esl3-81)

IHVALID--c (.71 mm vs .26 mm)Yalidtty (E013-87) =

IHVALID--3 (.71 mm vs .17 mm)Validity (E1152-87) =

333.6 kJ/m3 (Jeax=3* Flow stress /28),

1 J maximum allowed =

Delta a max. allowed = 1.15 mm (Delt a a max = 0.1*bo)
6.61 mmFinal Delta a =

= .3Poisson's Ratto (v)
= 2 Points Right =3Points Left

G-35
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Crack Extension (in.)
0 0.05 0.10 0.15 0.20 0.25500 i i i i i
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HEA B. ASTil ANALYSIS APFt.ICABLE
, gg

c ,/ r
r

fi

On I ' ' '
OO 1.5 3.0 4.5 6.0 7.5

Crack Extension (mm)

_ TEST SPECIMEN DPTA

Test Temperature = 288'C
Percent Side Groove = 28'44

Specimen Thickness = 12.7 mm
Init ial Crack L ength = 13.65 mm Init a/4 = .537 r

Final Crack Length 19.2 mm Final a/W = .795=

Flow Stress = 611.5 MPa
Youngs Modulus = 198888 NPa (Estimated Value) ,

POWER LAW DATA J = C (Delt a a)N ;
'

MER Power Law E833-67 !Jic 86.9 kJ/ma 95.4 kJ/mt=
Kjc 135 NPad 141.4 NPa4=

J (8J/T=8.8) 226.9 k J/mi=
Exponent H = .4849 . 'J 214 i'
Coeffletent C = 179.8 k J/mi 185.2 kJ/mi '

T (average) = 48 53
LEAST SQU9RE LINEAR LINE (ASTM) J = N (Delt a a) +3

All Data .E883-81Jic 74. 7 k J/mt 9L.t kJ/mt=
Kjc 125.2 MPa4 138.4 NPa4=
Slope N = 114879 kJ/m3 187444. 7 k J/m3Intercept 3 = 67. 7 k J/mi 74 kJ/mi

1 7 (ASTN) = 58 55 I

'

Validity (E881-81) = VALID
Validity (E813-87) = VALID
Yalidity (El!52-87) INVALID--!=

J maximum allowed = 359 kJ/mt (Jmax=3* Flow stress /28)
Delt a a max. allowed u 1.18 mm (De l t a a max = 0.1 *bo) j

Final Delta a = 5.63 mm
Poisson's Ratio (v) 3= .

Points Left =1 Points Right = 1

i |
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Irradiated Condition Experiment UBR-79
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Table G-7 Fracture Toughness Emsults for Code B (Side 2), Irradiated Gonditica (Experimmat UEE-79)

_.

wf- Test (a/v),* aa ,b 3,p 4*p-a*= J <Je E T
c

Ie se avs C.* ew Temperatura y

MEA ASTM MA ASTM NEA

2 2(*c) (*F) %) (um) (mm) (u/m) (u/m) ( ,,g) ( ,,g) ( ,,g) (,,) (,,)

GEE 2-8F2 -110 -116 0.506 d 9.5 47.3 46.7* 44.1 747.9 682.9-

GEE 2-8F5 -40 -40 0.502 15.9 60.5 54.8 50.1 653.6 587.8-

GEE 2-8M -15 +5 0.4% 66.8 123.6 57.2 70.0 - 626.2 559.7

GEE 2-8F3 +5 +41 0.513 63.6 120.2 54.0 67.7 606.7 539.5-

*'
GEE 2-8M +15 +59 0.503 50.8 107.4 54.4 63.9 - 597.8 530.2

ME2-8F1 +31 +88 0.508 6.48 5.29 -1.19 142.8 98.9 179.6 149.4 126 584.6 516.3

* Pretast a/W d Claswege failure precluded deter-b Measured crack growth mination of this quantityC Crack growth predicted * Valid KIce Per ASTM E 399by compliance

_ . .. . .
- - _ _ ___
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TEWERATURE Un

-200 -100 0 100

250 i i i i '

,

'

Code GEB (Side 2) / zee

Irradiated (UBR-79) /
'

200 -

/'
150-

- .

/ in

ty 150 - y ; ,

s / s' R
5// 100--

' / /j 100 -

~~-
,-

7
/

^/ 50-

'
50 - -

- ,-
/

' ' ' 00
-150 -|00 -50 0 50

TEMPERATURE ('C)

.

K3 = a . 3 exp<Tec>

nesrie snaiteh
A= 37.05 33.72
3= 75.10 60.42
C= 55.73 100.31

Upper Bound K = 100 when Temp = -37 -35
Rve. K = 100 when Temp = -10 14

Lower Bound K = 100 when Temp = 7 45
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Crack Extension (in.)
O' O.05 0.10 0.15 0.20 0.251000 e i i e i

SPECIMEN GCB2-8F1

5000 |-

|t-
! #800 -

a
g

I n cn

l I 4000 { !
-

I *m 2
3 600 - ! [,

3000 Cm -

||
*

v4 I e400 f f
-

i fj
-

2000 %-

/
I: u

FAILLM TYPE C b5

/200 (J-R curve > 1. 5 eun n 5gggg,

PEA 16 ASTfl AtWLYSIS APPLICABLE

| |
O'# - I I l '
O 1.5 3.0 4.5 6.0 7.f

Crack Extenston (mm)

TEST SPECJNEN DATA

Test Temperature = 31*C
Percent Side Groove = 8 '<
Specimen Thickness = 12.7 mm
Init ial Crack Length = 12.9 mm Init a/W = . 588
Final Crack Length 19.38 mm Final a/W = .763=

Flow Stress = 584.6 HPa
Youngs Nodulus = 205508 NPa (Est imated Value)
POWER LAW DHTA J = C (Delt a a)H

MEA Power Law E883-87
Jlc 142.8 kJ/ma 137.9 kJ/mi=

KJC = 179.6 NPa4 188.8 MPaa
J (8J/T=8.8) = 499.1 kJ/ma
Exponent N = .6418 .6684
Coefficient C = 327.3 kJ/m8 328.2 kJ/ma
T (average) = 126 131
LEAST SQUARE LlHEAR LlHE (ASTN) J=N (Delta a) + 3

All Data 1883-81
Jic = 98 9 kJ/mi 9 8,9 k jn.'
Kjc 149.4 NPa4 149.4 NPa4=

Slope N = 246485.1 kJ/m3 246485.1 kJ/m3
Intercept 3 = 78.1 kJ/mi 78 1 kJ/m8
T (ASTN) = 148 148
Valldity (E013-81) IHVALID--c (1.18 mm vs .97 mm)=

Validity (E013-87) INVALID--c (1.18 mm vs .29 mm)=

Validity (Ell 52-87) INYALID--3 (1.18 mm vs .18 mm)=

J maximum allowed 365 kJ/m3 (Jaax=3*Flou stress /20)=

Delt a a max. allowed = 1.25 mm (Delta a max = 8.lebo)
Final Delt a a = 5.29 mm
Poisson's Ratio (v) =.3
Points Left = 1 Points Right =g

C-40
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APPENDIX H

Trepan C Fluence Determinations:
Procedures and Results

|

|

1

|
11 - 1
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/NEA
idaho National Engineering Laboratory

March 4, 1987

Mr. J. R. Hawthorne
Materials Engineering Associates
9700-B George 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. Sam)1es were taken at the

;0iO2T, 0.15T, 0.27T, 0.47T, 0.74T and 0.98T deptis^ 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 af eces are"shisdormarkedforpositiveidentification. A portion of tiree depths
(0.02T, 0.15T and 0.27T) was dissolved to make standard radioactive
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 'p''ossible to measure the 'Mn activity in the material without5

chemical separation using culibrated Ge detector based gamma-ray
spectrometry. A half-life of 312.2i0.1 days was used for 'Mn. A5

cross section of 11516 millibarns for the 'Fe(n.p)5'Mn reaction was
used to determine >lMeV "fast" neutron fluence rates and fluences assumingU5a 0 fission neutron energy spectrum. The material was assumed to
be 97.07 weight percent iron.

Based on a cobalt content of 0.02 weight percent in the material, it was
I%ssibletomeasurethereactionrateforthe 5'Co(n,y)58Co reaction.
The 50Coactivitywasmeasuredbygamma-raysp2ectrometry. Ahalf-life of 5.27110.001 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 epithercal neutron response.

[EGcGwe w P.O. Box ICS Idaho falls, 10 83415

|l-2
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r

J. R. Hawthorne
March 4, 1987
JWR-04 87
Page 2

To obtain the saturated reaction rates at the end of irradiation (January
13,1977) the irradiation history provided by MPA was used. From the
history a total exposure of 2643 effective full power days was calculated.

The results are summarized in the attached table. The estimated
uncertainties given in this table are for the la confidence level and
include only those components associated with the counting and cross
section. No estimates of the errors due to the exposure history or actual
cross sections have been included.

If you have any questions or coments please contact me.

Very truly yours,'

AW
JW Rogers
Chemcial Science

c1t

Attachments:
As Stated

cc: J. O. Zane, EG&G Idaho (w/o Attach.)

11 - 3
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GUN 9RE21NCEN VESSEL KR8-A SAMPLE RESULTS u

>1MeV Thennal
Neutron >1MeV Neutron Thennal
Fluence Neutron Fluence Neutron

Sample 54Mn Bq/g Rate TFluen_ce- 60Co 8q/ Rate FFluence'
ID Mass (a) (1-13-77) _ (n/cm2 s) (n/cm4) (1-13-77) g (n/cm2/s) (n/cm2}_

/

0.02T 1.8162 7.19+0.49E5 1.46 0.12E10 3.3410.28E18 6.0010.31I5 1.45 0.08E10 3.23io.18E18
0.15T 1.7793 5.8410.36E5 1.18io.10E10 2.7110.22E18 2.8910.15E5 6.9910.36E9 1.6010.08E18
0.27T 2.8309 4.57 0.28E5 9.29 0.75E9 2.111 17E18 1.62io.08E5 3.9213.20E9 8.9510.46E171 014

0.47T 1.;943 3.1910.20E5 6.2810.51E9 1.4710.12E18 8.70 0.44E4 2.1010.11D 4.80 0.24E17
0.74T 1.7719 1.991C.13E5 4.0210.33E9 9.13io.75E17 5.61 0.29E4 1.3510.07E9 3.1010.16E17
0.98T 1.6817 1.2810.08F5 2.59 0.21E9 5.8910.48E17 6.1310.31E4 1.48io.08E9 3.39 0.17E171

x
Sr

<

|
1
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/NEA _
idaho National Engineering laboratory

!
March 7, 1988 '

J. R. Hawthorne
Materials Engineering Associates Inc.
9700-8 George Palmer Highway
Lanham, MD 20706-1837

FAST NEUTRON DISTRIBUTIONS IN GUNDREMNINGEN VESSEL KRB-A - JWR 10 :.ld

Dear Russ:

Based upon your request of 3-2-88 for the subject information I have
complied the attached summary of rr.sults. Those results are based on the
calculated neutron spectra found in the report IKE 6-FB-35 (NUREG/CR-4791)
by G. Prillinger and the 5'Mn reaction rates measured at our
laboratory. The ENDF/8 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,

W
JW Rogers
Chemical Science

c1t

Attachment:
As Stated

cc: G. Prillinger, IKE
C. Z. Serpan, NRC HQ !

J. O. Zane, EG1G Idaho (w/o Attach)

11 - 6
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FAST htVTRON 015tR18TU10N51N GUh0Rtm1NGEN VES$tL KRS A

|
(8,117')

31 MeV *1 MeV =0.1 MeV =0.1 MeV Ratio '

location (1) 54 (t) g ,tgg, ggg ggaitti Od 5 L.1/1.0t t

0.0tf 7.19 0.49E5 1.13:0.09(10 2.59+0.ttt18 2.25:0,10(10 5.16 0.43(18 1.991 1,

| 0.15T 5.44:0,3H5 1.04.de.0W10 2.3 Age.1M18 2.4210.20t10 5.56:0.45(18 2.33
0.27T 4.57 0.26(5 8.95t0.7tt9 2.05:0.17t18 2.3210.19(10 f 33 0.43(18 2.591 '

O 47T 3.19 0.20t$ l.94 0.54t9 1.592 13(140 2.19 0.14t10 5.021 41t14 3.1501 1 2
0.74T 1.98 0.13t5 5.14 0.4ttl 1.16 0.10(18 1.97 0.18(10 4.5110.37(18 3.831 1 1

j 0.98T 1.2810.08t$ 3.47:0.28t9 7.9510.55(17 1.5310.1t(10 3.50 0.29t18 4.401
*

|
|

(1) Relative to steel cladding interface with a steel thickness of 4.35 inches.
I

| (2) On 1-13 77.
I
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Tha 250-MW boiling water Gundremmingen reactor, KRB-A, in the Federal Republic of

G3rmany (FRG) has been decommissioned. A joint USA /FRG/UK study is underway to evaluate
caterial removed from the vessel for a critical assessment of power reactor vs. test

at 288'C; the 1:ner wall fluencerocctor environment effects. The vessel ogerated
caticate at decommissioning was about 1x 10 n/cu , E > 1 MeV.

This report describes test reactor irradiation assessments of a forging segment believed
to be archive material from the KRB-A vessel fabrication. Charpy-V (C ), compacty

tcnsion (CT) and tension test specimens were evaluated in five as-irradiated and two
pistirradiation annealed conditions. With 288'C irradiations, the elevacion in
100 MPa& temperature was found to match the elevation in 41-J temperature tes',s within
12*C. The ..:tter elevation was predicted well by Regulatory Guide 1.99.

The L-C orientation data for the archive material vs. the vessel t r ep ...s singgest a

fluence-rate effect. The C-L orientation date, however, do not. A test orientation
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