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B INTRODUCTION

The 250-MW boiling water Gundremmingen 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 qlanomlnsl
temperature of ~288°C and had an inne. wall fluence of about 3 x 10** n/em®,
E>1MeV (Ref. 1). 1In 1984, a remnant of a forging believed to be from the
vessel construction was located by the U. §. Nuclear Regulatory Commission
(NRC). The availability of this "archive" material and the service-degraded
vessel material presentecd a unique opportunity for qualifying the effects of
long-term irradiation on a prototypic reactor pressure vessel (RPV) steel.
Specifically, the materials allowed direct testing of the effect of fluence
rate (dose rate) on the degradation of Charpy-V (Cy) notch ductility and
fracture toughness properties and the «levation of yield strength by neutron
radiation. In addition, the materials permitted verification tests of present
prediction methods for radiation-induced embrittlement (Ref. 2.3) and the
attenuation of radiation effects through the vessel thickness (Ref. 2). The
NRC subsequently put in place a joint USA/FRG program to (a) investigate the
vessel's properties and (b) conduct accelerated irradiation tests of the
archive material for power: vs. test reactor comparisons. Materials
Engineering Associates (MEA) and Material Pruefungsanstalt (MPA) were the lead
laboratories for the two countries, respectively.

Qualification tests of the archive material located in storage at the General
Electric Company provided evidence which, when coupled with wvessel
documentation, led to conclusions by MEA and MPA that (a) the base metal and
Vessel Forging No. 7.1 were from the same steel melt and (b) the base metal is
representativc of the vessel forging as first placed in service (Ref, &4). The
material was in the form of two circumferentially-welded ring segments; the
weld is suspected of being a portion of the weld made for the res~tor vessel
surveillance program. One ring segment, approximately 119-mn thick and
weighing about 1450 kg, was used for the primary MEA investigations of
irradiation behavior, It {s identified in this report as the Code CEB
material. The chemical composition of the GEB base material and that of the
vessel's Forging Ring No. 7 are given in Table 1 and are identical for
practical purposes. Composition test results for the base metal used in the
reactor surveillance program also are indicated. The reactor surveillance
program was in place at the commencement of initial commercial operations;
however, only ASTM C-L orientation base metal specimens (strong orientation)
were included in the surveillance capsules along with the weld metal and heat
affected zone (HAZ) specimens. This was the recommendation of ASTM Practice
E 185 in the early 1960's,
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Table . Chemical Compositions of Archive Material CEB, KRB-A Vessel Trepan C and Surveillance Program Base Metal (Ref. &)

Material Composition (wt-1)
c Hn i3 F s Hi Cr Mo Cu #s Sn Sk v

GEB (Side 2) 0.24 0.71 0.21 0015 €. 018 0.79 0.37 0.67 9.15 0.021 0.021 0.008 0.031
(MER)
KRB-R {(Trepan G) 0.22 0.71 0.22 0.013 0012 0.75 0.38 0.62 0.16 0.62 0.03 <0.M 0 04
(MpA)*
GEB {Side 1) 0.23 .71 o.n 0.013 0.012 0.75 0.38 0.65 0.16 G.02 0.03 <0 01 0. 04
(uPA)®

(N Sttrwiumob 0.23 0.7% 0.25 0.023 G.018 0.85 0.37 0.64 0.1%6 - .- -- .-
Base Metal
(MEA)

2 upa composition determination by Quantovac Spectroscopy.

b Average of tests of throe surveillance specimens.
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b P THE ANOMALY

Tests of the irradiated trepan material by MPA and initial tests of UBR test
reactor-irradiated archive material by MEA provided a major anomaly
(Ref. 1,4). The archive material was in the form of ASTM L-C oriontatlfg
(weak) C,, specimens only; the specimens had been irvadiated to -8.8 x 10
n/em, E > 1 MeV, at 288°C. These exposure parameters reflect FRG best
estimates of the vessel operating conditions and its end-of-life (EOL)
exposure at program initiation in 1984. (Both parameters were later revised
downward based on new Iinformation supplied to MPA.) As {llustrated in
Figure 1, the service-induced embrittlement appeared to be much greater than
that produced by the UBR irradiation. Notice that thelgluoncﬁ to the trepan
specimens (MPA determination) was approximately 2.4 x 10 n/em® or about one-
third that received by the archive material. A second observation suggested
by the data is that the trepan C-L oriencation suffered much less
embrittlement than the L-C orientation. The cited L-C orientation vs. C-L
orientation data comparison for relative induced-embrittlement, constitutes
the anomalous behavior,

Prior experience in test reactor irradiation studies and the few L-C vs., C-L
orientation data comparisons available from RPV survelllance programs (both
orientations contained in the same capsule) have led investigators to expect
roughly-comparable elevations in 41-J transition temperature., Table 2, an
excerpt from the NRC embrittlement data base (Ref. 5) lists many of the
comparison data available from surveillance. A companion expectation is a
greater “"absolute" reduction in upper shelf energy level by that orientation
having the higher preirradiation C, energy level, that is, the "strong" test
orientation. The preirradiation difference must be pronounced for this
observation., This is one reason that estimation procedures of NRC Regulatory
Guice 1.99 for the upper shelf reduction is in terms of percentage decrease
rather than an absolute change for a given fluence. A follow-on 288°C UBR
irradiation of the archive material using both L-C and C-L orientation
specimens, removeu from the 1/8T thickness lacation, demonstrated that the GEB
material conforms to both expectations (see Fig. 2, Ref. 4). The target

fluence was 2.7 x 1018 n/cn® to better approximate the vessel inner wall
{1/8 T) condition,

Mechanistic explanations are not in hand to account for the suggested
difference in radiation sensitivity between test orientations. Embrittlement
mechanisms identified from empirical data and experimental tests, in
combination with theory by-in-lntg& invelve precipitation phenomena either
enhanced or induced by irradiation® (Ref. 6-10). Primarily the scenarios
invelve copper-rich precipitates or phosphorus-rich precipitates. A
precipitation phenomenon would not explain the test orientation dependence
(directionality) of radiation embrittiement sensitivity suggested by the KRB-A
trepan data (Fig. 1). A radiation-induced weakening of the interface between
MnS stringers and the matrix, on the other hand, would explain such a
dependence. (Ref. 11).

....................

1 op Frisius, R. Kampmann, R. Wagner, and P. A. Beaven, "SANS Analysis of
Irradiated and Unirradiated Fe Alloys Containing Cu, Ni, P: Final Report,"

MEA Report 2296, Materials Engineering Associates, Inc., Lanham, MD, March
1988. it

e el e

T R Py TR

P —



ORIENTATION

\

TEMPERATURE




TEMPERATURE ( °F

16 8¢ C B 16¢ -

CODE GEB (SIDE 2)

= o o gt ® IRRADIATE 288 JBF
8
b | I\ r ~ £ "N‘( V .
-
’
ES
G 1( ’S ft-it £
'™ - . '
» 7/ NIE A ATE z ' )
. 1
i é . :
e 2 FE
e
“
. >
L3
. = .‘.
» -
» B
'
1 iy & &Y
i :
'
- ) ; |
: £
11“ A-
c‘ e v -
A 7
>
) )
’ i3
»
§ " |
N L ATE 4
I . e IRRA Al 28 1
: : : Y ¢ MeV
\ W 15
v > = " =
EMPERA IRE C
e




o

Table 2 Comparison of LT vs. TL Orientation Embrittlement Data from
RPV Surveillance (Ref. 5)

Entry €y Upper Shelf Energy Reduction® in ft-1b

LT Orientation TL Orientation Difference (LT-TL)

1 24 11 13
i 2 14 25 .11
3 24 17 7
[ 4 35 2 33
5 20 5 15
6 19 3 16
7 24 18 6
8 30 8 22
9 26 10 16
10 12 0 12
i1 36 26 10
12 8 19 9
13 22 9 13
14 33 22 11
i5 71 44 27
16 40 12 28
17 25 10 5
18 0 13 -13
19 3 <19 22
20 22 -6 2%
21 20 12 8
22 25 13 12
23 60 30 30
24 43 18 25
25 16 7 9
26 1s 13 1
27 23 10 13
28 17 » 15 2
29 33 22 11
30 15 2 13
31 18 0 18
32 24 14 10
33 16 6 10
34 4 11 -7
35 8 14 -6
36 14 8 6

; ® Fluence range represented is 7.27 x 1017 to 7.85 x 1019 n/caz. E > 1 MeV,
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3. APF™0OACH

The approach centered on the simultaneous irradiation of archive and trepan
material specimens in one UBR assembly, The tarﬁt 1rr’diatton tenperature
(279°C) and the target fluence level (2.6 x 10 n/em®) were intended to
match, as closely as practical, those of the vessel trepans at their 1/8T
location. A key aspect of the approach was the use of samples from outer
layers of the trepans which had received a considerably lower fluence than the
inner la)iq,n inzprior service. The samples for the UBR assembly had received
8-9 x 10*" n/em® beforehand. MPA kindly provided the samples in the form of
finish-machined C, specimens, under the auspices of the continuing USA/FRG
Joint program.
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MEA-2468

4. MATERIAL SAMPLING FOR THE UBR IRRADIATION TEST

4.1 Trepan Material

The specimens f'r UBRK-irradiation were cut from Trepan P as illustrated in
Figure 3. Layers 10 and 11 provided the samples for the L-C or.entation
assessments; Lavers 8, 9, 10 and 11 provided the samples for the C-L
orientation assessments. The fluences received by the various layers from
KRB-A service are listed in Table 3. Table 3 also gives the fluences received
by thes: layers in the companion Trepans C, D and G from which samples were
taken eariier for MrA's reference condition tests. In this report, the
reference condition of Forging Ring No. 7.1 is that condition at the time of
the KRB-A decommissioning.

The diameter of the trepans was 107 mm, The trepans were cut from the reactor
vessel in a 3 (vertical) x 4 (circumferentisl) array, at a location somewhat
below the reactor mid-plane. Trepan C and D were in the row nearest the
reactor mid-plane; Trepan C was in the middle row; Trepan P was in the row
furthest from the mid-plane. The specimens were removed by electrical-
discharge machining. The V.notch was produced by a milling machine cutter: no
further machining was required,

4.2 Archive Material

Cy samples and tension test samples were cut for both irradiation tests and
check tests. The specimens were saw cut from the 1/8-T thickness layer
indexed to the original inner diameter, that is, the as-forged surface.
Samples for check tests of the unirradiated condition were taken from the same
forging location u» samples for the irradiation. As will be evident below,

the check test data apgree very well with the initial forging qualification
data (Ref. &),
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Table 3 Neutron Fluences received by Specimen Layers 8 to 11 of Trepans P, C,
D and G in KRB-A Service (Courtesy MPA)

Specimen Neutron Fluence (n/cuz. E > 1 MeV)
lLayer
Trepan P® Trepan C Trepan D Trepan G
8 1,202 1.356 1.448 1.285
9 1.047 1.179 1.261 1.118
10 0,906 1.022 1.081 0,969
11 0.782 0.882 0,942 0.836

& The UBR irradiation test invelved L-C orientation samples from Layers 10
and 11 (only) and C-L orientation samples from Layers 8 to 11 of Trepan P.
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6. POSTIRRADIATION TESTING

The C, specimens were broken en a 407-J (50C ft-1b) capacity Tinius Olsen
impact tester equipped with Dynatup instruaentation for recording applied load
ve. time-of-fracture Information during each test. The same machine was used
by MEA for the {rradiated, unirradlated and reference condition specimens .
The machine was calibration-tested per ASTM Stundard Method E 23 just before
testing the present group of upocinons’. Appendix C provides the {udividual
specimen data for the pre-UBR irradiation cordition and the post-UBR
irradiated condition. Computer-curve fits of the data and values of curve
“itting parameters are provided also. In the texc data figures below, the
brittle-cuctile transition curves are visual best fi*s to the data.

L IR B B I S S

R, Pasternak, Letter Report, U. §. Army Lecoratory Command, Department of
the Army, Watertown, Ma 02172, to J. R. Hawthorae, May 26, 1989,
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The 11°C and 14°C transition temperature elevations for the UBR {rradiation of
the trepan material agree well with the 20°C and 17°C transition temperature
elevations found for the archive material, (The 9°C difference for the L-C
orientation is considered not significant.® The urper shelf energy reductions
for the trepan material likewise agree well with those for the archive
material. If the reasonsble assumption is made that the properties of Trepan
C, D and G represent well those of Trepan P, it can be concluded that the
radiation embrittlement sensitivity of the trepan material, at least that of
Layers 10 and 11 and quite possibly Layers 8 and 9, is the same as that of the
1/8T thickness location of the archive material for the accelerated-
{rradiation exposure case.

The difference in pre-UBR exposure properties of the trepar material vs. the
© ebive material could stem from one or more of the following sources:

(1) Across-forging difference in_ unirradiated condition properties. The

archive material represents one end of the forging while the trepan
material depicts a location well-displaced (exially and/or
circumferentially) from the archive material locus in the forging.

(2)  An undocumented difference in material heat treatments, particularly in
stress relief heat treatment(s) after welding. It can be envisaged that
the duration of the heat treatment of the archive weldment made for the
surveillance program is quite different from that of the vessel's
Forging Ring No. 7.1 as placed in service.

(3)  The long time-at-temperature of the vessel (years) during its service
life. As noted in Figure 1, coupons of the archive material suspended
in the vessel well away from the fuel core did show a significant change
{n transition temperature for the C-L orientation due to a temperature
effect alone. The archive material was not similarly aged.

(4)  Contrary to the extensive evidence and archive material markings, the
archive material was not from the same steel melt as the vessel's

Forging Ring Ne. 7.1.

(5) Some aspect of trepan removel, specimen blanking or specimen machining
altered the properties of the material.

The above possibilities are reviewed in the Discussion Section below relative
to their potential impact on Regulatory Guide 1.99 applications and RPV
surveillance programs, It is MEA's opinion that the first and third
possibilities are the strongest in this ~ase. Again, It is stated that the
apparent radiation sensitivities of the two materials shown in the UBR
irradiation were the same. Accordingly, the anomaly cannot be ascribed to
some basic difference in material resistance to a 279°C nuclear environment.

7.4  Trepan Data (Inner Wall vs. Outer Wall Layers - Preservice Condition)

The MPA data for Layers 8 to 10 of Trepans C, D and G are illustrated in
Figure 10. Listings of these data are included in Appendix C. Plotting the
data by individual layers, 41-J transition temperatures ard upper shelf levels
could be established. Superposition of the curves showed very little through-
thickness differences in either property. In tests of the archive material, a
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8. DISCUSSION

The present investigation has proven that the Initially-reported anomaly
(Ref. 1,4) 1s not due to a basic difference in radiation-embrittlement
sensitivity between the test materials. That is, the archive GEB material and
the Trepan P material (outer-wall layers) exhibited comp: rable embrittlement
after simultaneous Irradiatior In the UBR test reactor.

A large difference in notch ductility between the archive material
(preirradlation condition) vs. the trepan material (post-service reference
condition, outer-wall laver) 1is apparent with one exception: the C-L
orientations of these materials have about the same wupper shelf energy
level. Analyses of the data provide the following concerns. If the "cause"
of the overall difference in reference properties is due to the difference in
forging locations represented by the materials and not to a low fluence effect
and/or a thermal aging effect, the implication is one of a general problem for
forgings end their sampling., In this scenario, the archive material selected
for surveillance may not be providing the worst-case properties for the vessel
material and in fact, may lead to wunderestimates of the actual 41-J
temperature and overestimates of the actual upper shelf energy level by
significant margins. Conversely, if the cause {s the low level fluence
exposure of the outerwall layer and not some across-forging variability, the
31 to 47°C difference in 41.J temperature suggests that we have not been
attaching proper significance to the effects of this fluence regime. Thirdly,
it could be that long-term thermal aging effects likewise hase been
underestimated. Fortunately, the second and third scenarios do nvt impact the
validity of surveillance capsule data except for the possibility of large
disparities between surveillance capsule time-at-temperatures and vessel wall
time-at-temperatures. With a 3:1 lead factor, for exampie, a surveillance
capsule might have only 3 years at temperature vs, a 9 year time ut
temperature for the vessel. Little is known about time-at-temperature effects

for those very long periods of time equated to RPV design lifetimes and PLEX
operations.

The comparison made of UBR-i.radiated trepan material (outer wall layers) vs.
the service-irradiated trepan material (inner wall layers) has reduced the
scope of the original ancmaly to the question of the low upper shelf energy
level of the L-C orientation. The possibility of the anomaly being the result
of some heretofore unobserved dose rate effect that {s test-orientation
dependent, cannot be dismissed on the basis of the latest UBR {irradiation
comparison of the archive vs. trepan materials. The outer wall layer of the

vessel material and the archive material describe higher upper shelf energy
levels after UBR irradiation,

The answer may reside in the seeming inconsistencies in the trepan inner-wall
notch ductility properties relative to outer-wall properties, for example, the
large disparity in upper shelf level between 1/8T and 7/8T locations for the
L+C but not the C-L orientation, It {s believed that the explanation will not
be found simply though additional mechanical property testing. Instead, the
trepan and archive materials should be examined with state-of-the-art
microscopy focusing on those aspects governing upper shelf energy
absorption. To help expedite resolution, the materials have been offered to
the International Group on Radiation Damage Mechanisms in Pressure Vessel
Steels (IG-RDM), Mechanisms identification is important to better understand
and project in-service embrittlement bshavior and PLEX capabilities (Ref. 15).
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APPENDIX C

Charpy-V Data Tabulations and Computer Curve Fits
for Unirradiated Condition Tests and Irradiation
Experiment UBR-83A Tests
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Table C-2 Pre UBR Irradiation Cy Data for KRB-A Vessel
Trepans C, D, G (Courtesty MPA)

Layer Trepan AST™ Temperature Energy
Orientation ey *m (9 (ft-1b)

|
8 ¢ c-L W 78 10.5 . |
| -20 b 37 27 é
10 50 54 40 |

30 86 118 87

40 104 B4 62

50 122 127.5 4

275 527 154

G c-L 0 32 64.5 48

20 68 78.5% 58

100 212 160.5 118

c L-C 30 K6 W7 35

50 122 61 45

275 527 81.5% 60

D L-C 0 32 21 16

20 68 38.3 26

30 86 51 8

45 113 56 41







Table C-2 Cont'd V¥re UBR lrradiation Cy Data for KR%-A Vessel
Trepans C, D, G (Courtesty MPA)

Layer Trepan ASTM Touporatgra Energy

Orlentation ey  (°m (3 (ft-1b)

G L-C .20 4 28 18

0 32 24.5 18

| 10 50 6.5 27
| 22 12 39
L 40 104 by, 5 a4k
| 60 140 88 65
| 100 212 88 65

Ce5




Table C-3 Post UBR Irradiation C, Data for Archive GEB-2 Material

R R R N R R R R N R R R R R R R R,

Specimen ASTM Temperature Energy lLateral Expansion  Shear
No . ® orientation  (C) (°P (JY  (ft-1b) (mm)  (mils) %)
3196 C-L « 57 =70 14 10.0 0.152 (2 <100
37 C-L <40 <40 29 21.5 0.432 17 <100
391 C-L <34 -30 31 23.0 0.508 20 <100
393 C-L -23 =10 55 0.5 0.868 34 <100
379 ¢-L =7 20 62 46 .0 0.991 39 <100
401 C-L 10 50 73 54.0 1.168 Lb <100
399 c-L 27 80 90 6" 5 1.372 54 «100
3185 C-L 43 110 121 89.0 1.473 58 <100
397 c-L 93 200 138  101.5 1.8% 73 99
a8l C-L 116 240 156 115.0 o540 100 100
168 c-L 116 240 139 102.5 2.362 93 100
180b C-L . - " . ) . :
354 L-<C -40 -40 217 20.0 0.432 17 <100
360 L-C -23 -10 33 24.5 0.635 25 <100
358 L-C «7 20 33 24.0 0.635 25 <100
352 L-C «1 30 45 33.0 0.711 28 <100
364 L-C 4 40 49 36 .5 0.889 35 <100
372 L-C 10 50 53 39.0 0.991 i9 <100
362 L-C 27 80 69 51.0 1.219 48 <100
378 L-C 43 110 87 64.0 1.626 64 <100
373 L-C T4 165 101 7.9 1.575 62 98
3156 L-C 116 240 106 78,0 1.880 74 100
374 L-C 116 240 100 74.0 1.524 60 100
176 L-C 177 350 95 70.0 1.727 68 100

el s G

a

b Specimen taken from 1/8T thickness layer of material.

Specimen "lost" in testing.
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Table C-4 Post UBR Irradiation (, Data for Trepan P Material

|

Trepan P Specimen AST™ Temperature Taergy lateral Expansion Shear
Layer No. Orientation ey M (J) (fe-1b) (mm) (mils) (®)
8 P8-1 S+L 4y 120 92 67.5 1.321 52 <100
P8-2 c-L 116 240 139 102.5 1.854 73 100
' PR-3 C-L 4 40 39 28.5 0.711 28 <100
‘ 9 Pe-1 Cc-L 21 70 64 47.0 1.194 47 <100
10 P10-1 gL 116 240 127 93.5 1.803 71 98
P10.2 c-L % 165 113 83.0 1.676 66 <100
P10.3 Cc-L 13 55 47 34.5 0.868 34 <100
11 Pll-1 C-L <18 G 197 14.5 0,254 10 <169
P11.2 C+L 29 85 89 66.0 1.295 51 <100
P11-3 c-L 116 240 138 102.0 1.651 65 100
10 Pl0-4 L-C 116 240 79 58.0 1,778 70 99
Pl10-6 L-C 18 65 33 264.0 0.610 24 <100
P10-7 L-C 116 240 Bl 59.5 1.397 55 100
Pl10-9 -C <18 0 17 12.5 0.203 B <100
P10-10 L-C 49 120 43 ‘318 0,813 32 <100 ;
1 P11-6 L-C 116 240 #1600 1499 59 100 |
P11.7 L-C 66 150 62 45.5 1.143 45 <100 ;
P11-8 L-C 27 80 43 32.0 0.838 33 <100 ;
P11-9 L-C 4 &40 30 22.0 0.584 23 <100 |
F11-10 L-C 60 140 61 45.0 1.016 40 <100 i
; !
9 py.28 c-L . . . . . . . '
P9-64 L-C . . ) . ; ) " !
:
& Specimen nct tested (held in reserve). E

=7
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OVERVIEW

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

T+«1
o

¢ +A+ B tanh G

Parameters A, B, C and T, are determined from non-linea: regression
analvslis.

The quality of the fit to each data set generally depends upon the
number of specimens tested and the availability of data defining the
upper shelf and lover shelf for the data set. For many of the present
data sets, both requirements are satisfied and an acceptable curve fit
results. In other cases, either few testswere conducted or the data
did not adequately define the lower shelf for the data set. For such
cases, the lower shelf from a standa:d Tanh fit gives a lower shelf
which is either above 27 J .(20 ft-1b) or negative. Since such results
are not satisfactory from either engineering or aesthetic standpoints,
two modified curve fits (Case A and Case B) can be applied.

Case A is the result obtained when four fictitious data points with
7 J (5 ft-1b) of energy absorption are added at a temperature that is
28°C  (50°F) below the intercept with the abscissa, of a line
represeni.ng a linearized transition region. The line in tfls case is
an eyeball fit to the data; the choice of a larger temperature shift
(up to 56°C or 100°F) generally is found not to influence the result
appreciably. Case B represents use of a fixed lower shelf of 7 J
(3 ft-1b); this lower shelf is attained at a temperature of e,

The use of the modified curve fits serve to force the curves to a
reasonably low, positive value in the lowere shelf regio... This
device is particularly useful for those cases where data are lacking
in the lower shelf region for guiding the computer in its setting of
bounding conditions. It should be noted that the American Society for
Testing and M -erials has not issued a standard method or a standard
guide for curve-fitting C, data for the irradiated conditon

Withir. this appendix, the first curvefit sheet for a given
material/material concition represents a standard evaluation using the
Tanh equation. The second curvefit sheet if present, gires the Case A
results. For Case A, the fictitious daca points are denoted by "0" on
the graph and in the data tabulation on the curvefit sheet.
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3 -4 22
4 32 38.7
S Se 39.1
& €8 7?7.8
? 184 95.9
8 122 118.95
- 212 112.9

19 saz 118.9

0 = Fictitious Foint Added

# = Test Point Not Inc¢luded
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Temperature (°C)

."l'*}.%t’!%.‘iiiQQPQ’f’}!*ii*}"i'i*ii"*"f‘*’*#'*Q**Q’Q”’Q*QQ**Qi"
Cv = A + B tanh{«T =~ To>~C)

English Metric
R = 68.21 ft-1b 92.4% J
B = 44,39 fr-1b 58,96 J
C = 23.66 °F 13.14 °C
To = S7:.96 °F 14.20 °C
Cu = 30 fr-1b (41 J) at T = 26.7 °F 2.9 °C

Upper Shelf Erergy = 112.5 fL1-1b 1528 7
liif*’i#%*i'*Oiiifiiii’ﬁﬁiﬁ*i'iii!i*i’t*§l§01*§*0*96’!6&**‘*{0’6**!Qi*!.

PT Temp Energy
# (°F) (ft=1b>
1 ~49 12.2
2 -‘ 39-?
3 32 28.4
4 32 33.9
D 59 $6.1
[ 68 8€.3
? 122 187.7
8 212 112:9
9 S27 116.95

0 = Fictitious Point Added # = Test Point Mot Included
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Temperature

B e R R S R R R RS R R R S Rt b

S 4

Cuvu = A + B rarnhl<T - To2sC1
English Mgtiric
A = 41.74 f1-1b $6.%59 J
B = 18.86 ft~1b £5.%8 J
C = 47.68 °F 26,48 °C
To = 108.10 °F 42.28 °C
Cu = 38 FL=1b (41 J) at T = 73.4 °F 23.@ °C

Upper Shelf Energy =

B R e e R e R R R R R LR R Rt

€0.6 ft~1b 82.2 J

PT Temp Energy
. (OF) (Fr=1b)
1 -4 19.9
2 32 24.3
3 S0 32.8
4 7 295.4
S =13 34.7
€ 104 39 8
? 122 4.0
8 140 - L
2 212 899.7

10 527 £0.1

Q = Fictitious Point RAdded

C=16

4 = Tgst Point Not Included

Charpy Energy (ft-1b)
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Temperature (°C)
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Cvu = R + B tanh(<(T - To) ~C)

4w D

(<

Cvu = 30 ft=1b <41 J> at T
Upper Shelf Energy

qulush

Metri¢

28,64 ft-1b
33.95 fr=1b
126.16 °F
S2.29 °F

8$7.3 2F
62-‘ fl“b

38,83 J
46.03 J
78,089 °C
11,27 °C

14.1 ©°C
84.9 J

’*QQQQ’Q}QQIHI'f*iiiiiﬂﬁi‘itiiiiifilﬁfi*’Q"i*liiii‘lil*ﬁ*’l.iiﬁii*‘l*!i!.

PT Temp Energy
" (OF) (fL=-1b)
l -4 19.9
2 32 24.3
3 S5e 32.8
4 72 25.4
$ Re 34.7
£ 124 39.8
? 122 45,0
g 140 9.7
9 212 $9.7

19 S&7 60.1

11 0 1] S:8

12 © -%50 $.8

13 0 -50 8;8

i4 0 -%50 5.0

0 = Fictitious Point Added * = Test

C=17
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Temperature (°F)
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Temperature (°C)

'l’iiftﬂ“90!*0*00'4Q§Q"ﬁQQ”i’*QQQQQQQQM*Qi‘ﬁl*ﬁQi’QQ!#’iO*iQQOQ*Q**QQQ
Cu = A + B rtanhl<T = Toi/€]

English Metrig
37.93 fi=1ib $1.42 J

2] =
. B = 22.28 fi=-1d 38.20 J
| c = 31.16 °F 17.3% ¢C
' To = 79,885 ¢F 26.42 °C
Cyv o 30 fr=1b <41 J> at T = 68.0 °F 28,8 °C

Upper Shelf Ener_; = 686.2 fr=1b 81.6 J
‘QGQ’Q!Q?!{iii00'9&’*‘6&".‘*’lQiQibQ‘i*i’iiiQi!Q*i‘OQ*Q'*‘DI.!Q%’Q*O*Q*

. PT Temp Energy
1 " (°F) (fr=1b)
' 1 -49 9.6
; 2 -4 21.4
I 3 32 18.4
: 4 50 21.4
' L 72 33.6
€ 8¢ 39.1
T 104 $€.8
8 140 $5.3
} el 212 61.2
| 10 827 €1.2
' 0 = Fictitious Foint Added # = Test Point Not Included

C~18



et e e T o

P —— - R T P TRy

Temperature (°F)

~120 @ 9@ 20 308 420 SPQ  &OQ
T T T T g T 1o
B8 = CODE KRB-R
LRYER 12 (UNIRRADIATED; ASTM L~ i
-~ 108 =
()
- - "-r:
> / RS R
£ 98 |- /
c
™ !
a / 40
£ 5@ |- "/
& 1
2s |- x ~ 20
¢ | Lk 1 n | 1 | .
-50 2 3 100 150 Z20@ %0 300

Temverature

AR R R R R R R R R R R R
Cu = A « ¢

O w

Cv = 30 fr=1b (41 J> av
Upper Shelf Energy

LA A AR R R R R R SR R R R ki B I I S S

0

v.ahlCT =~ Tor~01

=]

T

nglisgh __Metric
-”_i.i.# et £3.93 J
25-. K f‘-"'lb 3412’4 J
51.‘, °F 281“ °C
87.%6 °F 38.87 °C
66,7 °F 19.3 *F

65-6 ft"\b 89.2 J

FT Temp Energy
" (°F) (fr=1b)
1 "“ ‘1.4
2 -4 ‘s-‘
3 32 18.4
4 1] 26.9
S 72 39.1
6 86 28,4
3 104 48.3
8 140 64.9
9 212 £4.9

1@ 827 61.6

0 = Fictitigus Point RAdded
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# = Test Point Mot

included

Charpy Energy (ft-1b)
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Temperature
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Charpy Energy (fi-1b)

B P s Ll Ll e e e L
Cv = A + B tanh{(T - Tar~C]

~A O, D

]

Cu = 30 ft=1b <41 J> at 7T
Upper Shelf Energy

Eng}\sh Metric
72.92 fr=1b 98.87 J
170.27 *F 94.60 ¢C
19.03 °F 7,28 °C
~18.6 °F -28.1 °C
118.,8 fr-1b i€1.8 J

R L s i e e R e e R e R RS R R b b

PT Temp Energy
# (°F) (fr=1b)
1 -78 10.0
2 -40 215
3 -30 23.0
4 -10 49.9%
% 20 46.9
3 S0 $4.0
? =1 66,95
8 110 89.0
9 200 101,95

1@ 240 1185.e

11 240 102,85

0 = Fictitious Foint RAdded

~
\F o

# = Test Point Not Included
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Temperature (*C)

P R R R R o R R R S A e S RS R R R R b

Cv = A + B tanhl<(T -~ Tg>-C13

English Metric

R = J2.54 fir~1b 44.53 J
B = 41.36 fr=1b $6.07 J
C = 188.17 °F 104,54 °C
To = 97.64 °F 36.47 °C
Cv = 38 fr=1b (41 J) at T = g€4,7 °F 9.3 °C
Upper Shelf Energy = 74,2 fL=1b '100.6 J
Rl Ll T T
FT Temp Energy
A C°F) (fr=1b>
1 ) 12.5
s 4@ 22.8
3 €S 24.0
4 80 32.8
$ 128 81.9
6 140 45,8
? 150 48,5
g z4e $8.0
b 240 €e.0
i@ 240 $9.8

0 = Fictitious FPoint RAdded » = Test Point Not Included




Specimen Locations in Archive GEB-2 Material
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Initial mechanical properties tesvs of beltline material trepanned from the
decommissioned KRB-A pressure vessel and archive material irradiated in the UBR test
reactor revealed a major anomaly in relative radiation embrittlement sensitivity. Focr
corresponderice of material behavior in test vs. power reactor environments was ohserved
for the weak test orfentation (ASTM L-C) whereas correspondence was good for the strong
orientation (ASTM C-L), To resolve the anomaly directly, Charpy-V specimens from a low
(essentially-n

) fluence region of the wvessel were irradiated together with archive
material at 2 €C in the UBR test reactor

Propertiecs tests before UBR irradiation revealed a significant difference in 41-J
transition temperature and upper shelf energy level between the materials. However, the
materials exhibited essentially the same radiation embrittlement sensitivity (both
orientations), proving that the anomaly is not due to a basic difference in material

irradiation resistances. Possible causes of the original anomaly and the significance
to NRC Regulatory Guide 1.99 are discussed.
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