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ABSTRACT

The Light Water Reactor-Pressure Vessel Surveillance Dosimetry Improveament
Program of the Nuclear Regulatory Commission (NRC) has irradiated Charpy-
V, compact tension and tension test specimens of selected steels in a
pressure vessel wall/thermal shield mock-up facility. The investigation
is part of a broad NRC effort to develop key neutron physics-dosimetry-
metallurgy correlations for making highly accurate projections of radia-

tion-induced embrittlement to reactor vessels.

Mechanical properties data have been developed for two of the materials:
the ASTM A302-B correlation monitor reference plate and the A533-B plate
No. 03 from the NRC's Heavy Section Steel Technology Program. These re-
sults are presented together with an overview of specimen {rradiation and
testing procedures. Data comparisons are used to describe the observed
toughness gradient produced by irradiation where fluences were typical of
vessel end-of-life conditions. 1In addition, assessments are made of the
relative irradiation effect at surveillance capsule vs. through-wall loca-
tions and the correspondence of Charpy~V vs. fracture toughness test methods
in their independent descriptions of radiation-induced embrittlement.

Irradiation in the simulated surveillance capsule location was found to re~
produce reasonably well the {irradiation effect to vessel inner surface and
quarter wall thickness positions. As expected, the adjustment of the ASME
lower bound (i.e., dynamic) Kir toughness curve by the radiation {nduced
elevation of the Charpy-V 41 J and the compact specimen 100 MPa ¥n temper-
atures was conservative when compared sagainst the static toughness data.
However, the temperature elevation of .%.: Cy curve (41 J level) with {rradi-
ation frequently did not provide a conservative estimate of the temperature
elevation defined by fracture toughness tests (100 MPa+vn level). On
the other hand, correction of the fracture toughness data for lack of test
specimen constraint ( Blc-correction) results {n transiiion temperature
elevations less than the Cy 41 J elevations, in most cases. Overall, the
toughness gradient observed between in-wall locations after {rradiation
was small for both materials; the difference between transition temperatures
for wall surface ve. mid thickness locations was 31°C or less, independent

of the test method used.

Candidate areas for future research investigation are discussed.

i1t
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I. INTRODUCTION

One objective of the Light Water Reactor-Pressure Vessel (LWR-PV) Surveil-
lance Dosimetry Program established by the Nuclear Regulatory Commission
(NRC), is the development of key information for the accurate projection
of radiation-induced mechanical properties changes in reactor vessel walls
(Refs. 1,2). The total effort represents a multi-laboratory program with
international participation. MEA was given responsibility for the develop-
ment and analysis of mechanical properties data required for the study.

Because the neutron energy spectrum incident to a vessel is both modified
and attenuated as it passes through the vessel wall, the projection of
in-depth property changes occurring in service is not a simple, straight-
forward task. The prediction of mechanical properties changes produced by
irradiation normally requires both an understanding of the damaging portion
of the neutron energy spectrum and the trend of the property degradation
with total neutron exposure, i.e., fluence (n/cm?). The correlation of
property change with fluence is a nonlinear function and is highly influ-
enced by steel metallurgy, especially composition (Refs. 3,4).

Vessel property changes typically are monitored using surveillance specimen
irradiations internal to the vessel but outside of the fuel core (Ref. 5).
Extrapolation of spectrum conditions at surveillance capsules and the rela-
tionship of mechanical property change data obtained from surveillance
specimen tests to locations inside the vessel wall are aspects of the
present research problem. Neutron flux (n/cm?-sec) levels at surveillance
test positions(s) can be as much as one order of magnitude higher than at
the vessel inner wall. Moreover, extensive changes to the neutron spectral
shape develop in transit through intermediate steel or water boundaries
between the surveillance capsule location(s) and the vessel wall. Typical-
ly, the task of mechanical properties prediction reduces to three key
components: proper and accurate definition of the neutron field, accurate
projection of field attenuation, and proper estimation of steel response
to the local field. For new vessels, a demonstrated technology is available
for the routine production of highly radiation resistant steels and weld
metals (Ref. 6). With such vessels, questions of appropriate neutron field
descriptions and projection methods become academic to vessel integrity
analyses. Therefore, the primary thrust of the NRC's study is to the older
vessels, i.e., those which did not have the benefit of the new techology
(pre 1972 vessels) (Ref. 4).

A pressure vessel mock-up facility was specially constructed for the Sur-
veillance Dosimetry Program for through-wall neutron dosimetry investiga-
tions and through-wall neutron exposures of metallurgical specimens which
jointly were to yield physics-dcsimetry-metallurgy correlations. The facil-
ity, known as the Pool Side Facility (PSF), is located at the Oak Ridge
Research Reactor (ORR) and simulates a relatively large segment of a reactor
thermal shield and vessel wall (Ref. 2). Here, specimens can be {irra-
diated in sealed capsules under closely controlled temperature conditions
at simulated surveillance and through-wall locations. To date, five cap-
sules have been irradiated at 288°C (Ref. 7). Two capsules (designated
SSC~1 and SSC-2) respectively represent surveillance capsules taken from a
pressurized water reactor plant after about 15 years and 30 years of oper-
ation, {.e., at plant mid-life and at plant end-of-1if», The remaining three



capsules (Wall 1, 2 and 3) represent vessel surface (OT), quarter wall
thickness (1/4T) and half wall thickness (1/2T) positions. The lead factor,
f.e., ratio of neutron flux levels, between the surveillance capsule loca-
tion and the wall surface location is about eight for the particular PSF con-
figuration used. The capsules contained mecnanical test specimens of six
pressure vessel materials from U.S.A. and overseas sources,

This report presents the results of mechanical properties determinations by
MEA for the two reference plates included in the capsules. One plate is of
A533-B steel (HSST Plate 03) and represents the primary candidate in
recent vessel production. The second plate is of A302-B steel (ASTM Ref-
erence Correlation Monitor Plate) and represents early vessel manufacture.
Plate properties established by MEA were Charpy-V (Cy) notch ductility,
static fracture toughness (Ky. and J-integral methods) and tensile strength
properties. A companion report, in preparation, will provide the results
for the remaining four materials (forgings, welds) from the same PSF cap-
sules. Capsule space limitations precluded the {rradiation of fracture
toughness test specimens for these materials; accordingly, their results
are being reported separately.

2. THE PSF FACILITY

Figures 2.1 and 2.2 are schematic illustrations of the PSF facility and show
its spatial relationship to the ORR fuel core. In brief, the facility
consists of a steel thermal shield (5.9 c¢m thick), a steel pressure vessel
wall simulator (22.5 cm thick) and a void box representing the vessel
exterior cavity. The components are located adjacent to but outside of
the pressure vessel housing the reactor fuel core. The PSF configuration
is positioned at an aluminum window in the side of the vessel specially
provided by the original design for exterior-to-the vessel irradiations.
The thermal shield is separated from the window by approximately 4 cm of
water; the separation of the thermal shield and the vessel simulator is 12
cm. From Fig. 2.2, note that the simulated surveillance capsules are
positioned at the thermal shield on the side away from the core. The wall
capsules, on the other hand, are placed in cavities within the vessel
simulator itself. Temperatures are independently controlled in both cap~
sule types by a combination of resistance heaters and a flowing gas mix-
ture. In the present series of capsules, specimen temperatures typically
were held within 10°C of the target exposure temperature of 288°C. An
exploded view of a typical capsule showing the general features of the
units {s provided in Fig. 2.3.

Additional details of the PSF facility and the bases for {its particular
design configuration are given in the various annual reports for the LWR-PV
Surveillance Dosimetry Program issued by the program manager (Hanford Engi-
neering Development Laboratory, HEDL) (Refs. 8-10). 1In addition to the
PSF, an equivalent but lower power facility was built for testing neutron
spectrum conditions and neutron transport codes for conditions of a "pure”
(unperturbed) fuel core. This second facility, called the Poolside Critical
Assembly (PCA), was used in combination with the PSF to obtain a high
degree of confidence in the neutron flux conditions assigned to the five
metallurgical specimen irradiations (Ref, 11).
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Table 2. Chemical Composition, Heat Treatment and Tensile Strength of
A533-B Reference Plate (Codes 3PS,3PT, 3PU; HSST Plate 03)

A. Chemical Composition (wt-%)

€ Mwm st P S M G M &

0.20 1.26 0.25 0,011 0,018 0.56 0.10 0.45 0,12

B, Heat Treatment

843 to 899°C-4 h, water quenched;
649 to 677°C=4 h, air cooled;
607 to 636°C-20 h, furnace cooled

C. Tensile Strength (24°C)*

Yield Strength 447.5, 458.5 MPa

Yield Strength 457, 460 MPa (Ref. 13)
Ultimate Strength 641.2, 641.2 MPa
Ultimate Strength 624, 626 MPa (Ref. 13)

* Duplicate tests

4. SPECIMEN DESIGNS

Standard Charpy-V (ASTM Type A) specimens, 12.7 mm and 25.4 mm thick compact
tension specimens (0.5T-CT and IT-CT) and 4.52 mm diameter tension specimens
were selected for making notch ductility, fracture toughness and strength
determinations, respectively. Specimen designs are shown in Figs. 4.1-4.4,
The compact tension specimens were fatigue precracked in accordance with
ASTM Standard E 399 specifications (Ref. 21) before irradiation. Here the
12,32 and 24.13 mm deep machined noiches were extended by fatigue pre-
cracking to total notch depths (aim) of 13.59 and 26.57 mm, respectively,
providing a final nominal crack depth-to-specimen width ratio (a/W) of 0.53.
The stress intensity factor range, AKg, for the last 0.76 mm of fatigue
precracking was required to be less than 24 MPa /m. Side grooving of
the CT specimens when used, was performed after irradiation.

The Gy, and tensile specimens were removed from the 152 mm (6 in.,) thick
A302-B plate in two layers spanning the quarter thickness plane and from
the 304 mm (12 1in.) thick A533-B plate in four layers spanning the
quarter thickness plane. The 0.5T-CT specimens were removed from both
plates in two layers while the I1T-CT specimens were taken in one layer
centered over the quarter thickness plane. For the A302-B plate, the
specimens represent the longitudinal (LT, strong) test orientation. The
decision to use the LT orientation and not the transverse (TL, weak) test
orientation was to avoid a potential problem in postirradiation analysis
stemming from the relatively low preirradiation C, upper shelf level
(~68 J, in the TL orientation. The upper shelf level of the AS33-B
plate in the TL direction in contrast, was sufficently high for specimens
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orientation 1is that
yrientation selected for reactor vessel surveillance (Ref. 5).

to be taken In this orientation. Currently, the

For the irradiation of tensile specimens

placed over the gage sections to aid heat transfer and to aid the uniformity

y, Clese fitting steel shrouds were

of neutron flux conditions throughout the irradiation capsule. Likewise,
filler plugs were placed in the notches and pin holes of the CT specimens.

MATERIAL IRRADIATION

Capsule construction, {rradiation and disassembly operations were conducted
by the Oak Ridge National Laboratory (ORNL) for the NRC. Primary responsi-
bility for neutron dosimetry and fluence determinations is shared by ORNL
and HEDL,

The irradiation histories and target fluence conditions of the five cap-
sules are summarized in Table 3. The exposure time of capsule SSC-1 was
adjusted to provide a fluence matching that of the Wall-2 capsule located
in the quarter wall thickness position. The exposure time of capsule SSC-2
was similarly adjusted to match its fluence against that of the Wall-l cap-
sule located at the wall inner surface. The Wall-1l, Wall-2 and Wall-3 cap-
sules were {irradiated simultaneously and were exposed for the same time
perfod. In turn, the spread in fluences between these capsules reflect
normal flux attenuation conditions through a vessel wall.

Table 3. Capsule Irradiation Conditions

Capsule No. PSF Location [rradiaticn Time MW Hours Target Neutron
(Hours at Power) Exposure Fluence
) . y
(n/em“, E > 1 MeV)

$SC~-1 Thermal Shield 1,291 32,000 1019

Ly
$SC-2 Thermal Shield 2,8 64,700 x 1019

Simulator 8,7 430,000% . 1019
(Surface, OT)

Simulator 430,000 x 1019
(Quarter T)

Wall-3 Simulator 43¢ ,000
(Half T)

-
Approximate
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rig. 5.2 Cyy CT and tension test specimen locations in

the simulated surveillance capsule SSC-2 Courtesy




Fig. 5.3 Cys» CT and tension test specimen locations in
the pressure vessel wall capsule W-1 (courtesy ORNL).
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Table 4. Summary of Observations on Notch Ductility of A302-B Plate

Transition Temp (°C) Irradiation Increase (A°C) Upper Shelf Irradiation
Irradiation Level Decrease
Capsule 41 J 68J 0.89 mm 41J 68J 0.89 mm J mm AJ Amm
Unirradiated -4 21 7 _ —_ -— 108 1.60 - vy
$SC-1 (Left) 74 93 91 78 72 83 94 1.3/ 14 0.23
(Right) 82 104 102 86 83 94 77 1.17 31 0.43
(Avg.) 78 99 97 82 78 89 86 1.27 23 0.33
S$SC-2 90 104 99 9 83 92 75 1.19 33 0.41
Wall-1 77 96 90 81 75 83 80 1.30 28 0.30
Wall-2 63 85 74 67 64 67 81 1.32 27 0.28
wWall-3 46 77 63 50 56 56 81 1.42 27 0.18
Table 5. Summary of Observations on Notch Ductility of AS33-B Plate
Transition Temp (°C) Irradiation Increase (A°C) Upper Shelf Irradiation
Irradiation Level Decrease
Capsule 41 J 68J 0.89 mm 41 J 68J 0.89 mm J mm AJ Amm
Unirradiated -1 24 13 _— -_— — 150 2.18 -—- -
SSC-1 60 88 82 61 64 69 115 1.68 35 0.50
$SC-2 80 107 99 81 83 86 106 1.73 44 0.45
wWall-1l 74 102 93 75 78 80 106 1.60 44 0.58
Wall-2 68 93 85 69 69 72 _. 1.68 L. 0.50
wWall-3 52 79 66 53 55 53 125 1.93 25 0.25

aNot established because of data scatter



6.3 Simulated Surveillance Capsules

Data for capsules S5C-1 and SSC-2 are given in Figs. 6.3, 6.4, 6.8 and 6.9.
The fluences received by the A302-B and A533-B specimens in capsule SSC-%
(Cv and tensile specimens) were, respectively, 2.87 x 10 and 2.66 x 10!
"/cmz. E > 1 MeV based on present calfglatlons. Fluence estimates for the
materials in capsule SSC~2 are 5.6 x 1019 and 5.2 x 1019 n/em » respectively.
As expected, the A302-B plate showed a greater embrittlement in terms of
the 41 J transition temperature elevation than the AS533-8 plate. The
greater radiation effect to the former is consistent with its higher copper
content (0.21% vs. 0,12% Cu) and its somewhat higher fluence.

[n each figure, data from specimens contained in the left hand compartment of
the capsvles are separately identified from data for specimens in the right
hand compartment. Referring to Fig. 6.3, specimens of the A302-B plate con-
tained in the left compartment (group 1) indicate a different postirradi-
ation notch ductility compared to specimens contained in the right compart-
ment (group 2). The low data scatter suggests that the difference is real.
The occurrence of the two separate data patterns cannot be attributed to
neutron fluence dissimilarities but may be some unknown reflection of the
specimen locations in the parent plate. Specimens forming group 1 were
from plate thickness layer 1 only; specimens forming group 2 were from
plate thickness 2 only. In Fig. 6.1, unirradiated condition tests of these
two adjacent thickness layers {indicate identical properties making the
postirradiation difference in notch ductility anomalous. The anomaly {is
compounded by the fact that the specimens for individual capsules were
intentionally randomized within the total specimen complement to avoid
introducing any across-plate bias. Overall, the difference in transition
behaviors i{s small and average behavior was used for capsule-to-capsule
comparisons. In the case of upper shelf behavior, the difference was
largest for capsule SSC-1, {intermediate with capsule Wall-2 and small for
capsules S5C-2, Wall-l and Wall-=3. 1In the following discussion of data,
average properties are assumed for the A302-B material unless noted other—
wise,

Three {mportant observations result from the data of capsules S$SC-1 and
8§§C-2. First, the irradiation effect to the A302-B plate, as stated, was
greater than the irradiation effect to the A533-B plate. For example,
(capsule SSC-1), the former shows an average 41 J temperature elevation of
82°C compared to 61°C for the latter. Secondly, the doubling of the
fluence exposure of the materials (capsule $SC-2) produced only a small
(almost negligible) additional 41 J temperature elevation. That of the
AJ02-B plate was increased further by only 12°C; that of the A533-B plate
was {ncreased by only 20°C, Lastly, findings for both capsules are in
general agreement with observations made previously for these materials
when irradlated In Lest reactor experiments, i{n-core. Figure 6.13 shows the
S5C=1 and 5SC-2 results entered on data trends developed from 1in-core
frradiations. At both fluence levels, the 41 J temperature elevations of
the AJO2-B plate agrec well with the embrtttlement trend for this plate
established earlier. The small difference In embrittlement between the
SSC~1 and SSC-2 expomures also is predicted well by the in-core results.
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Fig. 6.13 Data from capsules SSC~1 and SSC-2 compared against
trends of C, 41 J transition temperature change with frradi-
ation observed with in-core, test reactor experiments. The
trend band, marked ASTM A302-B Reference Trend was estab-
lished with several independent experiments using code F23
material, Good agreement at both fluence levels {s indicated.
pata for the A533-B plate with 0,12% Cu fall in the lower
portion of the data trend for A533~B plates with »0.15% Cu
and agree with projections.
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(capsule Wall-1). Approprizte comparison: are made in Table 6. In the
case of the AJO2-B plate, the surveillance capsule data tend to over-
predict the transition emperature elevation for the wall! location in
both inatances. The amouit of ovirprediction however is ~20°C or less
regardless of the br'ttia’ductile transiticn {ndex used (41 J, 68 J or
0.89 am). With the A533-R plate, the agreecent (s even closer, within
~10°C, UVpper whelf energy changes also ai» predicted well, {.e.,
are within about 7 J or 5 fe=1b for both steels.

The resulis permit a conclusion that surveillance capsule results indi~-
cate reasonably well the radiation effects to surface and quarter wall
thickness locations for AJ02-3 and AS33-B materials of the types rep~
resented here. Where signif!cant differences are obscrved, t.e., >10°C,
the S5C data appear to be on the conservative side, !.e¢., show a greater
embrittlement than that experienced in the wall ftwelf,

6.6 Embrittierent Asseasrent by Alternative C, Indices

Table 7 (s a summary comparison of absolute transit!on temperatures and
transition temperature elevations (AT's) indexed to the C, 68 J tem~
perature and the C, 0.89 mm temperature as alternatives to the Cg
41 J temperature. Typlecally, the 0.89 mm temperature {s higher than
the 41 J temperature but {s lower than the 68 J temperature. Of greater
interest here, the 60 J temperature elevati-ns are found about equal to
the corresponding 41 J temperature elevatious. The differences are
no greater than 11°C and are 6°C or less in most cases. Likewise, the
0.89 mm temperature elevation by {rradiation was nearly equal to the
41 J temperature elevation, {.e., within 8°C. Accordingly, the ranking
of the irradiation effect by capsule location for the two plates 1s
quite independent of the C, indexing procedure selected (41 J, 68 J or
0.89 mm temperature). The close agreement of the 41 J and 68 J transi~
tion temperature elevations noted (s consistent with obeirvations for
several other steels (Ref. 15). On the other “wnd, this same study
‘ound a blas toward a ygreater 0.89 mm transition temperature elevation
~ompared to the 41 ] temperature alevation on the order of 15° to 20°C,

7. TENSILE PROPERTLES DETERMINATIONS

73 Procedure

Tensile properties were establi hed using button~head specim®is machined
from selected C, specimen Slanks (¥ig. 4,4), All tests were conducted
at a loading rate less than 690 MPa/min. based on the sl pe of the
load-extension curve in the «lartic reglon. ‘peclmen strain was not
monitored using an extensometer; Inutead, elongation ~f the gate
sectlon was monitored from tesc machine actuator displdcement. In
Fig. 4.4, the uniform gage l:ngzth (s shown to e 31.75 am. Por decer-
minations of the 0,2% ~ifset yileld strengih, however, an effective
gage lnn!th of 8.1 mm war assumed {n order to account fully for *he
specimen’'s reduced section and for a portine of the radiyy blends,

ALl tests were pe.formed on a 55 metric ton MTS servohydraulic test
machine. Load cell calibration was performed within oes year of the
present tes.s. A calibration recheek using shunt res'stotrs was made

)
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Table 7.

Comparison of Irradiation Effect Assessments
hy Alternative €, Indices

Comparison

A302-B Plate
(Code F23)

A533-8 Plate
(Codes 3FT, 3PU)

ATggy vs. AT4)3

AT) ,89mm VS« AT41)

AT .89mm V5. A&Tpgy

T0.89mm V8« Tony

T0.89mm VS« T41J

AT413 > ATe8
(Ly 11°C max.)

AT41y <> AT),89mm
(by 8°C max.)

ATggy < ATp,89um
(by 11°C Max)

To.89am < TesJ

Tp,.89mm > T4y

ATh1g - ATgR
(within 3°C)

J < &Tp .89
(within 3°C)

ATegy ~ ATp.89
(within 6°C)

Tp,89mm < Tegs

T0.89mm > T4l
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immediately before each test. Likewise, a calibration recheck of actuator
deflection was performed before the test series commenced and was verified
again after the tests were completed. Specimen load vs. actuator deflection
was recorded simultaneously on two X-Y plotters. One plotter recorded the
entire applied load vs. deflection history through to specimen failure. The
second plotter provided an expanded load vs. deflection record which was
stored digitally via a computer-controlled data acquisition system.

7.2 Observations

Tensile property determinations are listed in Tables 8 and 9 and are shown
graphically in Fig. 7.l. The results represent computer analyses of the
stored digital data, and were verified through comparisons with the analog
X=Y recorder plots. At this time, percent elongation and percent reduction
in area measurements are not available. These measurements will be included
in a follow-on report to be issued by MEA.

Referring to Fig. 7.1, the data show the expected increase in yield and ten-
sile strengths with increasing fluence. The strength changes and strength
differences overall are small. Tensile strength change was least with
capsule Wall-3 and greatest with capsule SSC-2. The changes with capsule
Wall-2 were somewhat greater than those of Wall-3 but were less than those
observed with capsule Wall-l or capsule SSC-1. Tha reason for the some-
what high degree of scatter has not been ascertaine’ but is not due to
plate sampling location or testing procedure, i.e., specimens were from
one small volume of material and were tested concurrently.

8. FRACTURE TOUGHNESS ASSESSMENTS

8.1 "rocedure

Initiation fracture toughness in the brittle-to-ductile transition regime
was determined from the J integral-R curve; the R curve was determined by
the single specimen compliance (SSC) technique for crack extension evalu-
ation. The SSC technique 1is described in detail in Ref. 22 and 23. 1In
brief, this technique determines specimen crack extension by means of small
specimen unloadings (~10 to 15 percent) at regular intervals during test-
ing. Because these unload and reload segments are conducted under elastic
conditions (even though the specimen may have undergone extensive plastic
deformation), the change in crack length from one unloading to the next
can be inferred through a change in specimen compliance (EB&/P) where
E is Young's modulus, B the specimen thickness, and P and § the load and
loadline deflection respectively. J values were computed using the modified
version of the J integral known as Jy (Ref. 24) where Jy is given by:

a

JoJ = 3(Jn-G) da

M D da (1)
o 6pl
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Table 8. Tensile Properties of A302-B ASTM Ref. Plate
SPECIMEN TEST UPPER | LOWER | 0.2% |ULTIMATE | TEST
NUMBER TEMP YIELD | YIELD | YIELD |STRESS RATE

STRESS| STRES | STRESS

(°C) (MPa) | (MPa) | (MPa) | (MPa) MPa/Min
Unirradiated Specimens
F23-T22a 24 -— - 482 660 -
SSC~1 Specimens
F23-T62a 24 - -— 581 710 -
F23-T234 24 - — 611 756 -
F23-T1 163 511 500 507 643 627
F23-T7 288 — — 499 646 645
F23-T16 288 — ——— 538 705 543
SSC~-2 Specimens
F23-T11 26 614 610 610 726 632
F23-T27 26 626 621 620 755 611
F23-T13 163 552 548 549 682 660
F23-T5 288 - —— 518 671 686
F23-T20 288 — -— 559 727 669
Wall-1 Specimens
F23-T2 24 587 584 584 711 250
F23-T17 24 - -—— 605 762 503
F23-T28 163 556 553 556 703 648
F23-T8 288 w—— - 516 675 643
F23-T24 288 - —— 538 712 661
Wall-2 Specimens
F23-T3 26 572 570 571 704 589
F23~-T25 26 593 588 588 736 584
F23-T12 163 519 517 519 658 632
F23-T9 288 ——— ——— 506 665 611
F23-T18 288 — — 527 697 621
Wall-3 Specimens
F23-T4 27 557 552 553 697 548
F23-T26 27 — — 580 730 508
F23-T21 163 526 522 523 077 646
¥23-T10 288 —-— -——— 496 655 599
F23-T19 288 ——— — 517 697 646

8Tegted at the U. S. Naval Research Laboratory
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Table 90

Tensile Properties of A533-B HSST Plate 03

SPECIMEN
NUMBER

TEST
TEMP

(°C)

UPPER
YIELD
STRESS

(4Pa)

LOWER
YIELD
STRESS

(MPa)

0.2%
YIELD
STRESS

(MPa)

ULTIMATE
STRESS

(MPa)

TEST
RATE

MPa/Min

Unirradiated Specimens

IPT-14A 24
3PT-14B 24

SSC~1 Specimens

pT-12 24
3PT-10 24

SSC-2 Specimens

3PT-TS 26
irT-8 26

Wall-1 Specimens

3PT-T2 27
3PT-T11 27

Wall-2 Specimens

3P .~-T3 26
3PT-T12 27

Wall-3 Specimens

3PT 4 27
3PT (13 27

552

536

552
565

534
543

707
712

687
690

568
618

598
610

aTested at the U. S. Naval Research Laboratory.
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Fig. 7.1 Variation in tensile properties between irradiation
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where JD = deformation theory J, G = Griffith linear elastic energy re-
lease rate, a_ and a = the initial and cvrrent crack lengths, respective-

o
ly, § - 6el B = plastic part of the displacement. The equation incor-

8
1
porates correctfona for crack extension and the tension component of spe-
cimen loading. A separate correction ifor specimen rotation was applied to
ad just crack length predictions (Ref. 22).

The crack extension resistance curve (R curve) is obtained by plotting Jy vs.
crack extension, &, as shown in Fig., 8.1. The initiation fracture tough=-
ness, Jy., (as defined by MEA) {s determined in two ways. If the R curve
data do not extend beyond the 0.15 mm exclusion line due to a cleavage
failure interrupting the test, the value of Jy at cleavage is taken as Jy.
(R curve, Type A). If the data cross the 0.15 mm exclusion line, Jie is
defined as the intersection of the R curve data with the exclusion line.
For cases where the R curve continues past the Jie point, the test may be
terminated by cleavage prior to crossing the 1.5 mm exclusion line (R curve,
Type B), or ductile crack extension may continue past the 1.5 mm exclusion
line (R curve, Type C). Crossing the 1.5 mm exclusion line, however, does
not preclude cleavage. Fractures in a cleavage mode have been observed in
other studies at crack extensions well beyond the 1.5 mm exclusion line
but only in tests conducted at temperatures below the upper shelf as
determined from tests conducted under dynamic loading.

R curves of Type C are the only ones for which the J;. determination is
covered by an ASTM standard test procedure; i.e., by Standard Method E 813
(Ref. 25). For those few cases where a Type C curve occurred in this study
both the analysis described above and the E 813 procedure were used to
establish Jy.. Very little difference between the two values was observed;
however, the focus of the present study is on the brittle-to-ductile transi-
tion, {.e., the regime not covered by the ASTM standard. Here, J1e values
were obtained by the MEA method described above and used for subsequent
analysis of {nitiation toughness trends. Thus, analysis of initiation
toughness is based on data that were obtained in a consistent manner
throughout the transition region.

One of the program objectives was to obtain E 399 valid Ki. data where
possible. Due to the relatively small specimen sizes, i{.e., 0.5T-CT and
IT-CT, valid data were obtainable oniy at the very low toughness end of
the transition region as 1{llustrated in Fig. 8.2. The normal SSC test
procedure was modified to meet E 399 requirements for tests in the transi-
tion temperature region. The modified procedure precluded any unloading
of the specimen until the load-deflection record violated E 399 require-
ments, l.e., exceeded the five~percent secant line by a factor of 1.1. After
reaching this point, the test was completed using the SSC technique. The
test records first were analyzed for K;. validity according to E 399
procedures. Then ar analysis by the MEA procedure for Jj. was performed.

Only a few tests produced valid Ky, r<su'ts. For the remainder, an initi-
ation toughness, termed K;., was computed from Jiec as follows:

Kje = (B3 00- 12 (2)

where Yis Poisson's ratio, taken to be 0.3. While all Jy, values were
valid by ASTM E 813, Kj. computed from Eq. 2 should not be interpreted as
Kic+ Instead, an estimate of Ky, was obtained from XKj. by means of the
" B 1o correction” described below.
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J (kJ/m®)
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DELTR a (mm)

Fig 8.1 Expanded R curve illustrating the power-law behavior exhibited
at small crack extension. With the MEA procedure, Jj. is taken as that
value where the R curve intersects the 0.15 mm exclusion line. Conversely,
Jie is defined by ASTM Standard E 813 as the intersection of the blunting
line and the least squares fit to the data between exclusion lines.
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Fig. 8.2 Typical initiation fracture toughness transition behavior with
temperature for steels showing the regions covered by ASTM standards for
the materials and specimens included in this program. T'he inserts illus-
trate specimen load vs. deflection beshavior.




8.1.1 Side Grooving

Side-grooving of the CT specimen is necessary to obtain a straight crack-
front extenston for tests in the upper shelf regime. A few tests in the
transition temperature regime were also conducted with side-grooved speci-
mens to compare results against the smooth specimen data. The 1T-CT speci-
mens (only) were side grooved by 10 percent of their thickness on each side
(20 percent total). The side grooves were machine ! to a depth of 2.54 mm
using a cutter with a 45° included angle and a 0.25 mm root radius. Each
groove was centered on, and parallel to, the plane of the machined notch.
For data analysis, the effective specimen thickness, B,, used to calculate

Jy is given by:
(B-By)? (3)
B.= B -
e 3

where By is the specimen net thickness remaining after grooving. All frac-
ture mechanics tests were conducted at a stress intensity loading rate (K) of
approximately 44 MPa Elmin., with the exception of one 0.5T-CT specimen
inadvertently tested at a rate one hundred times faster. The K was computed
from the loading rate during the initial (elastic) portion of the test and
the initial crack length measured after test completion. Irradiated con-
dition tests were conducted with the same testing frame used for the tensile
tests; unirradiated condition tests w-re made with another, identical MTS
system. Load cells of both systems were calibrated within one year of the
current test seri.es and were checked periodically using shunt calibration
resistors during testing. Specimen deflection was measured at the load
line with a clip gage. Clip gage calibration was verified periodically be-
tween tests. Load and deflection information was obtained with a computer-
based data acquisition system, digitized and then stored on disks. Specimen
load and deflection data were also recorded with an analog X-Y plotter.

8.1.2 f . Correction

With most of the CT tests, the toughness w's too high to measure Ky, accord-
ing to ASTM E 399. Consequently, an initiation toughness (K;j.) was computed
from the value of J at crack initiation, i.e., Jy. (Eq. 2). Unfortunately,
data in the literature have shown that Kj. generally overestimates Ky.. A
similar observation had been made by Irwin in that the plane stress fracture
toughness (K.) also overestimated K;.. Irwin developed an empirical rela-
tionship from which Ky, could be estimated once K. was known (Ref. 26):

S MRS TN % )
2 2
K K
where QC = (__I.Sg_g_). and % = .(.C_/B?_?.

and ¢ = 1/2 (yield stress + ultimate stress).
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), Merkle recently showed that reason-
estimates Ki~ could ? obtained with Eq. 4 for cases in which both
were known (Ref

tudy, it was assumed

-corrected” provide estimates
Tables 10 and 11 » gubstanti

yrrected values w be denote«

toughness test results for the A302-B and A533-B plates are

les 10 and 11, respectively. Plots of K;. vs. temperature for
the iilv 1 materials and {rradiation capsules are also contained in
Appendix B, lhese figures {llustrate the observed Kj. data scatter and
he elevation 1in e Kj. transition curve. The Kj 100 MPa ¥n temperature
was used to index the transition for {irradiation and preirradiation tough-
ness comparison.

is a summary plot for the A302-B plate and illustrates the rela-
*ases in the transition temperature for the surveillance capsules

¥

graph) nd the wall rapsules (lower graph). Figure 8.4 combines

lata from t! upper and the lower graphs. The transition temperature

elevations are >, 102°C, 105°C, 92°C and 78°C respectively for the

55C-2, Wall-1, SSC-1, Wall-2 and Wall-3 capsules, (see Table 12). The

ranking in general is commensurate with projections, based on the target

fluences.

is the summary plot for the A533-B plate. Figure 8.6 combines

the format of Fig. 8.4. The ranking of SSC-2, Wall-l, Wall-=2
ind Wall-3 data (Table 13) is the same as that for the A302-B material.
However, note that the A533-B data from capsule SSC~1 deviates somewhat
from the id described by the A302-B findings. In the lower transition
region, the S55C~1 data are about equal to the Wall-1 data but in the upper
transition region, the SSC-1 data show less of a transition shift than that
observed for the Wall-l capsule but approximately the same shift as the
Wall-2 capsule data. This anomaly could be due to temperature or fluence
iifferences among the CT specimens within the SSC-1 capsule. Unfortunately,
fluence values (final) are not yet available from HEDL and ORNL for capsule
SSC-1.
Side-grooviag did not have a significant effect on the location of the brit-
tle-to~ductile transition for either mav~-ial. For the A302-B plate, Fig.
8.3, data from the side-grooved specimens define the upper temperature bound
of the transition thus indicating a slight bhias to a higher temperature
transition. However, for the A533-B plate, Fig. 8.5 the side-grooved speci-
men results are intermixed within the data scatter observed with the non-

side-grooved (1T and 0.5T-CT) specimen tests.

Two slde~grooved specimens of the A533-B plate and three side-grooved speci-
mens of the A302~B plate were used to establish upper shelf toughness levels
for the unirradiated condition. The data indicate an inverse temperature
dependence which is more pronounced with the A302-B material. While both




J=R Curve Initiation Fracture Toughness Data (A302-B ASTM Ref. Plate)

Table 10.
Iy ]’ F | I b N
SPECIMEN | TEST | J,. K e Kee* | B a/W | YIELD FLOW® |
NUMBER TEMP | | STRESS| STRESS|
| } I
(°C) | (kJ/a?) | (MPav®) | MPa VE)| (om) (MPa) | (MPa) |
it I 1
Unirradiated Specimens! | ! I‘
i ) |
F23-22r¢ | -75 13.7 56.4 52.7 | 25.4 0.542 | 546 | 650
F23-26RS -35 f 69.6 126.6 84.5 | 25.4 , 0.548 | S08 | 612
F23)-10Rce l 0 138.4 177.5 — 25.4 0,549 | 489 | 586
F23-18ref | 95 , 113.3 158.5 | S 25.4 | 0.545 | 462 | 543
F23-14Ref | 200 1.5 } 124.1 R 25.4 | 0.542 ! 444 : 535
| | !
F23-60R -125 5.6 136.3 (35.5)4] 35.4 12.7 0.554 : 611 I 712
F23-48R ’ -100 l 14.8 58.9 51.8 12.7 0.537 577 680
F23-16R | -85 26.3 | 78.13 61.2 12.7 0.541 558 | 662
F23-12R | -75 50.8 | 109.0 71.8 12.7 0.490 546 ‘ 650
F23-26R | -75 23.4 73.7 58.7 12.7 0.555 546 650
F23-44R =75 40.4 96.9 67.9 12.7 0.555 546 | 650
F23-6R l -60 43,7 101.0 68.3 12.7 0.522 531 | 635
F23-32R ! =50 38.9 93.9 65.5 12,7 0.558 521 | 625
F23-56R | -50 82.9 138.4 78.2 12.7 | 0.555 | s21 | e28
F23-22R | -40 90.6 145.0 78.9 12. 0.557 | s12 | 616
F23-68R i -35 167.3 196.0 88.8 13,7 0.557 | 508 | 612
F23-64R€ | =25 174.8 200.2 ~SESEI B X 0.550 502 | 604
F23-2Re ‘ -15 271.9 249.3 o 12.7 0.555 496 596
§$8C~1 Sgec!ne_nl_
F23-5R 0 14.1 [56.7 (55.4)4| 54.3 25.4 0.537 615 679
F23-13R 30 32.1 85.2 73.6 25.4 0.532 593 658
F23-9R 55 52.3 108.0 84.3 25.4 0.533 574 641
F23-17R 60 49.5 105.4 82.8 25.4 0.533 572 638
F23-210f° 110 82.9 135.3 —— 25.4 0.545 538 606
F23-30R -80 4.5 [32.4 (30.8)4] .9 12,7 0.543 681 742
F23-40R -50 6.2 137.9 (34.54] 136.8 1%.7 0.551 656 718
F23-52R -25 10.3 48.6 45.3 12.7 0.548 635 698
F23-15R 0 18.6 | 65.2 55.4 12,7 0.546 615 579
F23-10R 30 3.1 83.9 63.4 12.7 0.554 593 658
F23-66R 38 3.2 87.9 64,7 12.7 0.557 587 652
F23-25R 45 21.8 73.2 58.1 12.7 0.535 581 647
F231-63R 55 66.9 122.6 75.2 12.7 0.536 574 640
F23-42R® 60 133.0 172.6 =ty 12.7 0.556 572 638
F23-20R® 75 129.2 169.7 -— 12.7 0.563 561 627
§SC-2 SEC!I‘ﬂI
F23-2R 30 9.9 [47.3 (47.0)4| 46.3 25.4 0.537 618 682
F23-20R 55 25.) 75.4 67.9 25.4 0.537 603 667
F23-6R 60 36.0 89.8 76.4 25.4 0.53 600 664
F23-28Rf 70 56.6 112.4 25.4 0.539 595 659
F23-54R% ~50 7.3 |41.2 (39.5)4]| 139.8 12.7 0.554 681 742
F23-62R 0 7.5 |41.4 (40.3)4| 19,7 12.7 0.552 640 702
F23-38R 30 26.0 76.6 61.2 12,7 0.552 618 682
F23-29R 45 23.1 72.2 58.8 12.7 0.558 609 672
F23-19R 55 36.6 90.7 66.5 12. 0.562 603 667
F23-27R 60 41.8 96.8 68.6 12.7 0.588 600 664
F23-17gr® 65 68.1 123.4 T 12.7 0.565 597 661
F23-58ef 70 97.0 147.1 -— 12.7 0.552 595 659
F23-7gf 80 123.0 165.5 Jans 12. 0.562 589 653

%Beta corrected K,

timated value used for

:Sncinn side grooved 20%
Number {n parenthesis fs valid

®Type B R Curve
fType € R Curve

399 Ky value
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Table 10. Continued

T I ] [ | | g (i ;T' b|

SPECIMFY TEST Jie | %y Kac" | B a/W | YIELD®| FLOW®!

NUMBER TEMP | 1 STRESS| STRESS|

] { T |
(°C) (kJ/m?) | (MPa V%) (MPa Va)| (mnm) (MPa )| (MPa) |
Wall 1 Sgtc'_-znt {
]
F23-1R 0 14.4 57.3(56.0)4| s4.8 | 25.4 0.538 612 680
F23-15R 27 22.3 71.0 65.0 25.4 0.543 600 669
F23-19R 40 37.3 91.7 77.5 25.4 0.539 596 665
F23-27R 50 67.1 122.8 91.5 25.4 0.538 | 591 661
F23-23R 60 78.9 132.9 95.2 25.4 0.540 | 587 658
F23-67R -60 4.5 32.3(31.1)¢4| .7 12.7 0.550 637 704
F23-1R =30 17.4 63.2 54.6 12,7 0.544 624 691
F23-5R 0 9.3 46.2 43.2 12.7 0.555 611 679
F23-11R 25 17.2 62.4 53.6 12.7 0.548 601 671
F23-43R 26 46.1 102.2 70.8 22.7 0.549 600 670
F23-39R 40 45.8 101.6 70.3 1.2 0.549 596 565
F23-21R 50 9.5 95.5 68.0 12:3 0.555 591 661
F23-59rf 55 109.8 156.9 . 12.7 0.538 589 660
F23-51R 60 68.0 123.4 5.6 12.7 0.548 587 658
F23-318f 70 160.5 189.3 S 12.7 0.550 583 655
Wall 2 Specimens
F23-16R -30 8.3 43.7(43.6)4] 42.9 25.4 0.537 609 675
F23-30R -1 12.2 52.9(51.5)4| 50.9 25.4 0.536 594 661
F23-12R 27 38.2 92.9 77.4 25.4 0.536 | 579 648
F23-4R 42 39.9 94.8 78.0 25.4 0.538 572 642
F23-8R 50 68.6 126.2 90.5 25.4 0.536 569 638
F23-45R -100 6.5 39.2(36.7)4| 37.8 .7 0.548 648 676
F23-61R -60 13.4 55.7 50.0 12.7 0.551 625 689
F23-53R -30 16.8 62.1 53.5 12.7 0.548 609 675
F23-8R 0 15.9 60.13 52.1 12.7 0.553 593 660
F23-238% 15 24.3 74.3 59.0 | 12.7 0.559 586 654
F23-13R 15 27.8 79.4 61.3 12.7 0.543 586 654
F23-3R 24 55.6 112.2 72.9 12.7 0.550 585 651
F23-18R 18 38.0 92.6 66.0 12.7 0.554 574 643
F23-55R 42 70.4 125.9 76.2 12.7 0.544 572 642
F23-47R 50 129.7 170.1 86.2 12.7 0.526 569 638
Wall 3 Specimens

F23-3R -50 7.3 40.6(39.7)4| 40.1 25.4 0.530 612 677
F23-29R -20 2.7 70.5 64.5 25.4 0.544 <96 662
F23-11R 20 37.9 92.6 77.1 25.4 0.53% 576 645
F23-7R 40 59.5 115.8 87.2 25.4 0.542 568 637
F23-25R 50 101.7 151.2 99.2 25.4 0.542 563 632
F23-65R -80 6.3 38.3(36.5)4| 37.0 12.7 0.554 628 692
F23-41R -50 16.0 60.8 52.8 12.7 0.551 612 677
F23-4R -20 14.7 58.0 50.8 12.7 0.546 596 662
F23-9R 0 25.9 76.9 60.2 12.7 0.548 586 653
F23-14R 20 48.4 104,8 70.2 12.7 0.542 576 645
F23-57R 27 111.2 158.6 84.1 12.7 0.546 574 642
F23-37R 34 99.4 149.7 81.8 18.7 0.525 570 638
F23-49R 40 60.9 117.2 73.5 12.7 0.542 568 637
F23-24R 50 166.2 193.2 90.1 12.7 0.548 563 632
F23-28R 60 155.3 186.5 88.6 1%.7 0.543 558 628

*Beta corrected K.

SRstineted velve sied for validity/initiation determination
CSpecimen side grooved 20%

‘“cr in parenthesis is valid E399 ‘Ic value

€Type B R Curve

fType C R Curve

8Specimen tested at high rete, 14.5 sm/amin.
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Table 11. J-R Curve Initiation Fracture Toughness Data A533-B HSST Plate 03E
I ; P | b b!
SPECIMEN l TEST ch ‘JC KBC B a/W | YIELD | FLOW |
NUMBER TEMP J | STRESS| STRESS/
| ] % |
(°C) (kJ/m?) (MPa V&) |(MPa Vm)| (mm) (MPa) | (MPa) |
Unirradiated Specimens
IPT-5 ~100 10.1 48.7(48.7)4| 46.9 25.4 | 0.531 507 603
3PS-2¢ -75 23.3 73.7 62.0 25.4 | 0.541 495 591
3PT-7 -50 28.5 81.1 68.2 25.4 | 0.538 485 580
IPS-5¢ -30 35.8 90.7 69.0 | 25.4 | 0.546 475 571
IPT-6 -25 28.9 81.4 67.8 25.4 | 0.536 | 474 569
IPS-1¢ 0 69.2 125.6 80.2 25.4 | 0.544 463 558
IPT-8 0 115.7 162.4 95.7 25.4 | 0.534 463 558
Ips-3c.e 25 159.7 190.0 < 25.4 | 0,545 454 548
IPS-4C,f 200 137.7 172.1 e 25.4 | 0.542 405 500
IPU-39 -100 6.8 40.1 37.6 | 12.7 | 0.523 507 603
3PU-6 -75 10.3 49.0 43.6 12.7 | 0.556 495 591
3PU-22 -50 27.1 78.4 57.6 12.7 | 0.560 | 485 580
IPU-40 -50 14.2 57.4 48.2 12.7 | 0.536 485 580
IPU-28 -30 30.7 84.0 59.2 12.7 | 0.5&7 475 571
IPU-25 -25 53.9 5 2 67.4 12.7 | 0.546 474 569
IPU-5 0 81.8 136.5 72.8 12.7 | 0.550 | 463 558
3PU-23 5 84.7 138.9 73.1 12.7 | 0.554 461 556
IPU-7 15 166.1 194.1 83.0 | 12.7 | 0.553 457 552
3PU-I8 15 311.9 266.0 9.3 | 12, 0.549 457 552
SSC-1 Specimens
3PS-14 10 13.9 56.3(55.1)4| 53.6 25.4 | 0.533 576 648
3PS-11 50 26.9 77.8 68.3 25.4 | 0.537 560 632
IPS-12 60 58.3 114.3 86.1 25.4 | 0.540 557 629
IPU-9 -50 7.3 | 41.1(39.3)3| 39.2 12.7 | 0.554 601 674
3PU-21 10 12.3 52.9 47.4 12.7 | 0.567 576 648
3PU-13 50 46.3 102.0 68.6 12.7 | 0.548 560 632
3PU-33 60 136. 174.8 86.4 12.7 | 0.539 557 629
Ipu-29f 70 185.5 203.5 [ 12.7 | 0.561 554 625
3pu-1f 100 179.23 199.3 e 12.7 | 0.543 S44 616
SSC-2 Specimens
IPU-6 0 14.3 57.2(55.9)4| s4.7 25.4 | 0.538 610 677
3FS-8 60 41.3 96.2 79.3 25.4 | 0.536 588 654
3PU-7 80 29.3 80.8 70.6 25.4 | 0.537 581 647
3PU-37 0 23.0 72.4 59.0 | 12.7 | 0.556 610 677
IPU-17 30 16.6 61.3 52.8 12.7 | 0.550 599 665
IPU-16 60 35.3 89.0 65.2 12.7 | 0.551 588 654
IPU-10 70 48.7 104.4 70.4 12.7 | 0.564 585 650
IPU-8 80 25.3 75.2 59.2 12.7 | 0.552 581 f47
3pU-32f 100 181.2 200.3 A 12.7 | 0.541 575 641

%Beta corrected K
bEstimated value used for validity/initiation determination
€Specimen side grooved 20%
‘Uu-ber in parenthesis is valid E399 Kle value
©Type B R Curve
f‘l’nc C R Curve
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Table 11. Continued

i | I R X
SPECIMEN TEST | Jic Kye | Kgo® B a/w YIELD FLOW
NUMBER TEMP | | | STRESS| STRESS
| I T
(°C) (kJ/m?) (MPa V®) | (MPaV®)| (am) (MPa )| (MPa)
Wall-1 Specimens
IPS-10 0 9.4 46.4(46.1)4| 45.4 25.4 | 0.545 595 668
IPS-9 60 54.9 110.9 85.7 25.4 | 0.538 573 645
IPS-15 80 185.2 203.1 113.7 25.4 | 0.543 566 638
IPU-18 -60 5.2 34.8(33.1)4| 33.9 12.7 | 0.552 621 695
3PU-10 0 11.2 50.7 46.3 12.7 | 0.539 595 668
IPU-14 60 42.9 98.1 68.1 12.7 | 0.544 573 645
IPU-2 80 86.9 139.2 79.3 12.7 | 0.542 566 638
Ipu-26f 100 196.2 208.4 s 12.7 | 0.553 560 632
Wall-2 Specimens
IPS-13 0 25.3 75.9 67.6 25.4 | 0.538 567 645
3PT-1 18 28.3 79.9 69.5 25.4 | 0.542 554 630
IPS-16% 65 166.3 192.8 - 25.4 | 0.539 544 620
IPU-19 -60 ¥.1 42,.3(39.6)4| 40.1 12.7 | 0G.542 594 671
IPU-11 0 11.2 50.7 45.8 12.7 | 0,548 567 645
IPU-35 26 44.0 99.8 67.2 12.7 | 0.553 558 620
3PU-15 38 47.5 103.5 69.0 12.7 | 0.547 554 630
IPU-27 50 76.1 130.8 76.3 12.7 | 0.542 549 625
3PU-3 65 117.7 162.3 83.1 12.7 | 0.53 544 620
Wall-13 Specimens
IPT-4 -20 13.8 56.3 53.4 25.4 | 0.540 556 633
IPT-3 25 27.5 79.0 58.4 25.4 | 0.543 539 615
IPT-2 60 126.3 168.2 101.4 25.4 | 0.539 526 602
IPU-36 -80 5.9 37.2(34.9)4|  35.9 12.7 | 0.550 584 661
IPU-20 ~50 12.7 54.3 48.2 12.7 | 0.548 570 647
IPU-12 0 24,9 75.3 58.4 12.7 | 0.540 548 625
3PU-31 26 76.4 131.5 75.7 12.7 | 0.550 538 614
IPU-4 50 13:2 128.2 74.3 12.7 | 0.543 530 605
IPU-24 60 152.2 184.7 85.9 12.7 | 0.548 526 602

3Beta corrected K

c
DEstimated value used for validity/initiation determination
CSpecimen side grooved 20%

Number in parenthesis is valid E399 K1, value
eType B R Curve

fType C R Curve
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Table 12. Summary of A302-8 Fracture Toughness Brittle-to-Ductile Transition

Irradiation Transition Temperature Index (°C) Transition Temperature Shift (°C)
Capsule Kje ch Kje KBc

75a 1002 150a 75a 1002 75b 100b 150b 75b 100b
Unirradiated =77 -56 =35 -48 -6 — — ——— -— -—
$8C-1 25 49 68 50 83 102 105 103 98 89
§8C-2 43 62 76 63 87 120 118 111 111 93
Wall-1 25 46 65 44 64 102 102 100 92 70
Wall-2 17 36 50 36 56 94 92 85 84 62
Wall-3 0 22 45 24 55 77 78 80 72 61

P SN

a MPa /o level where the transition temperature is indexed.

b MPa /o level where the increase in temperature of the transition is determined.
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Table 13. Summary of A533-B Fracture Toughness Brittle-to-Ductile Transition

Irradiation Transition Temperature Index (°C) Transition Temperature Shift (°C)
Capsule Kje Kge Kje Kgo

754 1002 1502 752 1004 75b 100b 150b 75b 100b
Unirradiated -48 -23 6 -11 27 - -— -— -— -—
$SC-1 32 49 65 52 74 80 72 59 63 47
$SC-2 50 74 95 714 100 98 97 89 85 73
Wall-1l 34 57 80 59 79 82 80 74 70 52
Wall-2 13 36 62 45 66 61 } 59 56 56 39
Wall-3 6 33 57 36 61 54 ‘|L 56 51 47 34

a8 MPa v level where the transition temperature is indexed.

b MPa #n level where the increase in temperature of the transition is determined.
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steels exhibit an upper shelf toughness of ~90 MPa /n at the onset of the
upper shelf, the toughness at 200°C is 130 MPa+sn and 170 MPa+# for the
A302-B and A533-B steels, respectively.

Only one {irradiat? specimen was side~grooved. This specimen (A302-B
material from capsule SSC-1) tested at 110°C or ijust beyond the onset of
the ch upper shelf, indicated a shelf drop of 12 percent.

A comparison of the 1T-CT and 0.5T-CT test results (non-side-grooved speci-
mens) for the transition region indicates a possible bias by the larger
specimens toward a higher temperature transition (<5°C). The bias, how-
ever, is not sufficient to place the data from the larger specimens outside
of the bounds of the data scatter for the smaller specimens.

One 0.5T-CT A302-8B specimen from wall capsule 2 {nadvertently was tested
dynamically, due to a test system malfunction. The testing rate was on
the order of 4,300 Wiblﬁf’mln., one hundred times higher than that of
the remaining tests. The test temperature corresponded to the low tough-
ness portion of the transition region and the specimen failed by cleavage
*ithout any stable ductile crack extension. The load vs. deflection record
was linear. J1e» calculated from this record, did not reveal a significant
rate effect. The datum fell within the data scatter band obtained with the
slower rate (0.5T=CT and 1T-CT) tests.

8.2.) &, Correction

The application of the qe-correction to the fracture toughness results
for the A302-B plate is {illustrated in Fig. 8.7 and 8.8. The effect of
the f.-correction is to depress the Kjo values in every case. The magni-
tude of the correction is directly related to the Kjo magnitude and f{s
lnversely related to the flow stress. Both of these quantities have a non-
linear effect on the magnitude of the correction. In other words, a
percentage decrease in flow stress vields a greater percentage decrease in
Kjo» while a percentage increase in Kje value would yield a greater percen-
tage decrease 1in magnitude due to rthe f-correction. The comparative
effect of the qe-correction i{s to decrease Kje~values in the upper tran-
sition region by a greater percentage than values in the lower transition
region, and also to decrease unirradiated values by a grearer percentage
than irradiated values.

As indicated in Fig. 8.7 and 8.8 for the A302-B plate and in Fig. 8.9 and
8.10 for the AS533-B plate, many of these K4 data do not extend above
100 MPa +#n, Therefore, indexing the transition temperature at 100
MPa /o may vield inaccurate results due to the necessity to extrapolate
the curves to reach that level.

Table 12 (A302-B) and Table 13 (A533-B) 1list the transition temperatures
and the transition temperatqﬁf shifts for both the KJC and K & data.
Indices of 75 and 100 MPa+ are used for both the Kje and K g data,
while an additional index of 150 MPa+/m is referenced for the Kj. data.
For both the A302-B and A533-B plates, the K & temperatu;g at an index of
75 MPa vn matches the Kjo temperature at 100 MPavn very closely.
In all cases, the K @ temperature at 100 MPa fn is essentially equal
to or greater than the temperature at any of the other indices.

55




9¢

KJc plc Corrected (MPavm)

TEMPERATURE ( F)

-2u8 -108 8 108 208 308
208 J r T = & T
160 |- A3@2-B Plate (F23)
L-T ORIENTATION
o —— UNIRRADIATED -
128} & - SSC-1
v — §8C-2
80
48 |- 1
8 1 | | | i
-158 ~188 -50 ) 58 100 158

TEMPERATURE ( C)

Fig. 8.7. Kg,. fracture toughness data for surveillance capsules (A302-B plate).

168

120

(<~
(s3]

KJc ‘BIc Corrected (ksiVin.)

o
(=~



TEMPERATURE ( F)
a 109 208
T T e ———

A382-B Plate (F23)

L-T ORIENTATION

o -- UNIRRADIATED
¢ - WALL-!
® - WALL-2
e - WALL-3

@©
(o %)

s
(-]
Q.
X
e
L
.
(&)
L
.
.
o
L&
O
laml
«Q
O
L
>

o
=

AL SN | =
-30 8 58 108
TEMPERATURE ( C)

fracture toughness data for wall capsules (A302-B plate)




86

TEMPERATURE ( F)

-288 -108 8 100 2ee Jee
cee L 3 | T T T
A533-B H55T Plate 83 (3P) :
0 | T-L ORIENTATION
S
& o - UNIRRADIATED ¥
= me) W
° v — S8C-2
$
c
S —
a WP
QH
O
x"‘"
4 | 4
8 1 i 1 | |
-156 -180 -50 8 K1) 188 158

TEMPERATURE ( C)

Fig. 8.9. Kg. fracture toughness data for surveillance capsules (A533-B plate).

168

128

KJc Br. Corrected (ksiVin,)

-
©



TEMPERATURE ( F)

8 100
Ry T

_A533-B HSST Plate 83 (3P)
T-L ORIENTATION

\
/

pr—

(ksiVin.

-— UNIRRRDIATED
-~ WALL-1]
-~ WALL-?
-- WALL-3

ted

Correc

o
Q.
=
o

(3]

>

o

L b

.

.

o
L

Q
—4
«Q
o
Lo )
p 4

SN SRR T SESERaEEe A FEEEESE. SIESSREE
-90 8 50 100 150
TEMPERATURE ( C)

g ¢ fracture toughness data for wall capsules (A533-B plate).




On the other hand, the Kg transition temperature shifts are less than
virtually all of the Kj. transition temperature shifts. This result confirms
that the f .-correction decreases unirradiated values more than {irradiated
values. Further, the Kg shift at 100 MPasn is always less than the 75
MPa vn shife.

8.2.2 Comparisons with ASME Code

Article G-2000 from Section III, Appehdtx G of the ASME Boiler and Pres-~
sure Vessel Code defines a reference or Kyp curve in terms of the RTypy
temperature. The latter is indexed in terms of either C, or drop weight
nil ductility transition (NDT) results, whichever produces the higher
value for RTypr. For the subject steels, the NDT temperature governs
RTypre The Kigp curve is based on lower bound static, dynamic and crack
arrest X; data for several steels, including A533-3 Class 1, and is used
for design and safety analyses.

Figures 8.11 and 8.12 show the Kqg curve indexed to the unirradiated condi-
tion drop weight NDT temperature, i.e., RTypr, for the plates and the f,
corrected fracture toughness data (K g) for the unirradiated and {irradi-
ated conditions. For the irradiated condition, the Kyg curve was shifted to
the right by an amount 2qual to the temperature elevation found in the C,
(41 J) and CT (K;., 100 MPa /n) tests. It is apparent that the adjusted
Kir curve is indeed conservative for the irradiated as well as the unirradi-
ated condition in each case. This observation was expected in that static
toughness as obtained in this program, is generally higher than the dynamic
toughness (i.e., the toughness values which form the Kyg curve).

Article A=4000 from Section XI, Appendix A of the ASME Boiler and Pres-
sure Vessel Code defines an additional reference curve which is founded
on lower-bound static Ky. fracture toughness data for several steels
{ncluding A533-8 Class 1. In Fig. 8.13, this curve is shown referenced
to the NDT temperature of the A533-B HSST Plate 03 in the unirradiated
condition and shifted by an amount equal to the transition temperature
elevations found in the C, (41 J) and the CT (K;., 100 MPa fn) tests.
The reference curve appears to be unconservative in some cases based on
the data of Fig. 8.13, {i.e., the K, data fall to the right of the
appropriate reference curve but only by 15°C at mest. Further study of this
behavior is anticipated. It is emphasized that the data in the present
case are all based on K 4, as opposed to valid K1 data.

9. CT vs. C, ASSESSMENTS OF IRRADIATION EFFECT

The correspondence between the CT and C, test methods in their independent
determinations of the irradiation effect to the brittle-ductile transition
is illustrated in Fig. 9.1 for the K;, data and in Fig. 9.2 for the Kg
data. In Tables 14 (A302-B) and 15 (A533-B), the Kj. and K4 data are
both evaluated in terms of the temperature at 100 MPava. In the figures,
the left hand graphs compare the radiation-induced elevations of the C, and
CT test methods for the A302-B plate; the right hand graphs are a similar
construction for the A533-B plate. Parallel comparisons for other temper=
ature indices can be readily developed by referring to Tables 4, 5, 12 and
13 for the Kj. data. Inittal discussion of these comparisons will concen-
trate on the Kj. data.
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Table 14.

Comparison of CT vs. C, Test Method Assessments of Irradiation Effect to

Transition Temperature for A302-B Plate

Transition Temp. (°C) Irradiation Elevation ( #C)
Irradiation - e o
Capsule (A) (B) (c) (C-A) (c-B) (D) (E) (F) (D-F) (E-F)
- -l
Index) Index) Index Diff. Diff. Index) Index) Index Diff. Diff.
Unirradiated -56 -6 -4 52 2 -—— -——- -— - —_—
$sC-1 49 83 78a 292 -58 105 89 82a 232 7a
$SC-2 62 87 90 28 3 118 93 94 24 -1
Wall-1 46 64 17 3 13 102 70 81 21 -11
Wall~2 36 56 63 27 7 92 62 67 25 -5
Wall-3 22 55 46 24 -9 78 61 50 28 11
(average ) (31.8) (1.8) (24.2) (0.2)

& Average of left

and right compartment data.
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Table 15.

Comparison of CT vs. Cy Test Method A

Transition Temperature for A533-B Plate

ssessments of Irradiation Effect to

Transition Temp. (°C)

Irradiation Elevation ( #C)

Irradiation
Capsule (A) ~(B) (c) (C-A) (c-B) (D) (E) (¥) (D-F) (E-F)
r(ll;icél = :;:aefh—lm 41 J :!::C-Cl' # n((:gc o 41 3

Index) Index) Index Diff. Diff. Index) Index) Index Diff. Diff.

Unirradiated -23 27 -1 22 -28 - -— B i o
$sC-1 49 74 60 11 -14 72 47 61 11 -14
S$SC-2 74 100 80 6 -20 97 73 81 16 -8
Wall-1 57 79 74 17 -5 80 52 75 5 -23
Wall-2 36 66 68 32 +2 59 39 69 -10 -30
Wall-3 33 61 52 19 -9 56 34 53 3 -19

(average )

(17.0) (-12.3)

(5.0) (-18.8)




One observation from Figure 9.1 is that the 41 J temperature elevation has
a tendency to be less than the 100 MPa+#m temperature elevation from Kje
tests. The trend i{s most apparent for the A302-B plate. For this material,
the 41 J temperature elevation is, on average, about 24°C smaller than the
100 MPa v temperature l.acrease (see Tables 14 and 15). With the AS533-B
plate, the 41 J temperature elevations are lower by 3 to 16°C except for
capsule Wall-2 (discussed below). For purposes of this discussion, agree-
ment within B8°C 1is considered findicative of a 1:1 correspondence. This
assumption {s felt to be realistic in view of the data scatter tendencies
of the materials, the limited number of tests conducted for each capsule,
and the probability for a fluence difference between the C, and CT specimen

groups due to their particular locations in the capsule (See Figs. 5.1 -
5.‘).

The reason(s) for the noted dissimilarities of the Cy and CT {irradiation
effect indications is not yet clear. Analysis of the data, moreover, reveals
points of inconsistency. For example, the A302-B data of Table 14 describe
a uniform trend. The results frr the A533-B plate, on the other hand, are
mixed. Here the 41 J temperature elevation is less than the 100 MPa v tem-
perature elevation for both SCC capsule irradiations, but for the wall
capsules the 41 J temperature elevation is either within 5°C of the 100
MPanE.temperature increase or greater by 10°C. To further cloud the
issue, earlier tests of the A302-B plate (Ref. 15) after 3.6 x 1019 n/em?
at 288°C did show close agreement of the two temperature elevations (within
7°C) for the same test orientation (LT) used here. At the same time, a 39°C
disagreement was observed when the plate was tested in the TL orientation
at a somewhat lower fluence of 2.7 x 1019 n/em?. A specimen orientation
dependence has been ruled out. The early tests (Ref. 15) also peoduced
comparisons of transition temperature elevation for two other A533-B plates,
an A508-2 forging and four submerged arc welds. In seven out of elevea
irradiation tests made, the 100 MPa#/n temperature elevation was found
to be much larger than the 41 J temperature elevation. To summarize, the
indications of both studies, the 41 J temperature elevation frequently does
not provide a conservative estimate of the measured 100 HPa-ﬁrtemperature
elevation by irradiation, from Kj. tests.

Close examination of the data for the A302-B plate suggests that 288°C
irradiation decreases the temperature spread between the Cv and K
data. In the irradiated condition (Table 14), the 41 J temperature in aii
cases is about 28°C higher than the K 100 MPa/m temperature. For the
unirradiated condition, the difference 1is 52°C or a factor of two
greater. For the A533-B plate (Table 15), on the other hand, the preirra-
diation and postirradiation differences are nearly the same, i.e., about
'7°C. The 6°C difference for capsule SSC-2 and 32°C difference for the
capsule Wall-2 are somewhat anomalous in view of the companion results for
this plate.

After the application of the 8 c~correction, the comparison of CT and Cy
transitfon temperature shifts does change. As indicated in Fig. 9.2, in
all but two cases the 100 MPa/m transition temperature shift is less than
the related increase at 41 J. With the 75 MPa/m index, the K tempera-
ture shift for the A302-B ma.erial is greater than the 41 J aﬁift, while
for the AS533-B plate the 41 J shift is larger in all but one case. From
Table 14 and 15, the KBc transition temperature shifts (at 100 MPa¥yYm) are

~ 23°C 1less on average than the corresponding KJc shift (at 100 MPaYm)
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for each material. These decreases are a direct function of the greater
increase in temperature at the 100 MPa’m level of the unirradiated curve
due to the BIC-correctlon as compared to the increase of the irradiated

curve.

The cumulative effect of the B -correction is to take K;. data which
indicates that C_. data are an un onservative indicator of irradiation
embrittlement, anx glve KB data which indicates that C, data are not an
unconservative indicator of irradiation embrittlement, ac least for these
two plates. For the A302-B plate, the K data (at 100 MPa/m) match the
C, 41 J data very closely, while for the R§ZJ-B plate the K, data {(at 100

a/m) match the C_, 41 J transition temperature increase better than the
K data. The concern now is to determine whether the K, data or the K;.
data are the better approximation of the actual Ki. behavior of the mate-
rial. In parcicular, a difference of 23°C in transition temperature ele-
vation could be quite significant to certain older plants. For example,
that change in temperature translates to 2.5 - 4 years of reduced opera-
tion for some older plants approaching end-of-iife K;p temperatures.

Inspite of the above uncertainty, it is encouraging that the adjustment of
the Kip curve by the postirradiation elevation of the 41 J temperature proved
very conservative when compared against actual CT (K g) test data (see
Section 8). Hewever, a similar conclusion does not hold for adjustments in
terms of the ASME Sec. XI K. curve.

A correlation assessment of the C, and CT methods for the upper shelf regime
was not possible. The CT specimens were side-grooved for the unirradiated
condition tests but not for the irradiated condition tests; it has been
established that side-grooved specimens typically exhibit a lower wupper
she'f than nonside-grooved specimens (Ref. 15). The one specimen postirra-
diation tested at 110°C with side-grooves, however, did indicate a 25 per-
cent decrease in upper shelf toughness, in terms of Jy.. The reader is
referred to the studies by Loss and co-workers for {information on the
tentative correlation between Jy. and C, energy and the ecorrelation between
the average tearing modulus and Cy energy (Refs. 15 and 23).

10. DISCUSSION

The C, and tension tests of the remaining materials shculd provide valuable
reinforcement of the notch ductility and strength trends observed here for
through-wall and surveillance locations. The materials (two forgings and
two submerged arc welds) as a group represent a relatively broad range
of radiation sensitivities. Unfortunately, capsule space limitations pre-
cluded the irradiation of CT specimens from these materials as stated above.
Carrent concerns over weldment performance for older vessels, raised by
pressurized thermal shock (PTS) analyses and by low upper shelf material
analyses, are indicative of a need for through-wall CT data for representa-
tive welds. In particular, high copper-high nickel content welds can
experience much larger transition temperature elevations than those seen
here for the A302-B and A533-B reference plates.

A relatively small difference between embrittlement levels of wall surface
and mid-wall positions was expected for the particular fluence range exam-
ined. The embrittlement (AT trend) developed for the A302-B plate through
in-core 288°C 1irradiation tests (see Fig. 6.13) shows that the rate
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of embrittlement accrual 1is higher for fluences below 1-1.5 x 1019 n/cm?
than for fluences above this level. The emphasis of the present PSF study
on the higher of the two fluence regimes is consistent with its primary
objective of evolving or refining physics-dosimetry-metallurgy correlations
for near end~of-l1ife (EOL) vessel conditions. EOL fluences on the inner
wall in many instances will range from 4 to 6 x 1019 /cm?. Once the data
for all six materials are analyzed, and depending on the direction of the
PTS analyses, the performance of a second set of experiments examining in
depth embrittlement for fluences below the knee of the embrittlement tread
curve may be in order.

The potential benefit of radiation effects attenuation with wall thickness,
seen as a retention of a tough outer wall ligament, would appear strongest
for the more radiation sensitive materials. Figure 10.1 , taken from an
earlier study (Ref. 28) {1lustrates this difference. The analysis shown
was developed on the basis of experimentally defined or projected embrittle-
ment trend curves for medium and high sensitivity cases. Within this frame-
work, high copper content welds would follow the "high sensitivity” trend
curves. The ASTM A302-B reference plate of Fig. 10.1 1is the Code F23
material studied here. As noted, the crack arrest transition (CAT) ocecurs
closer to the wall surface for the "high sensitivity” case than for the
"medium sensitivity” case because of the dissimilar gradients of embrittle~-
ment. The crack arrest transition (CAT), by definition is the fracture
transition elastic (FTE) temperature, taken to be 33°C (60°F) above the
drop weight nil-ductility transition (NDT) temperature, The relationships
in Fig. 10.1 obviously are not the same for fluence intervals below 1.5 x
1019 n/cm? where rates of embrittlement accrual tend to be higher.

Two somewhat unexpected observations were the difference in relative em~
brittlement between the A302-B vs. A533-B plates for short vs. long term
irradiation times, and the inconsistency of upper shelf energy vs. upper
shelf lateral expansion reductions with increasing fluence. Forthcoming
results from the forging and weld materials should help resolve these
observations.

11. CONCLUSIONS
Primary conclusions and observations from this study are enumerated.

l. The surveillance capsule results indicate reasonably well the {irra-
diation effects to wall surface and quarter wall thickness locations. Cy
surveillance data were conservative where significant (> 10°C) differences
were observed; predictions of the 41 J transition temperature elevation were
within IS'C.

2. Adjustment of the ASME Section III (Appendix G) toughness curve by the
radiation-induced elevation of the Cy 41 J temperature proved conservative
when compared against experimentally derived, K g data.

3. Adjustment of the ASME Section XI (Appendix A), lower bound Kie toughness
curve for A533-B steel by the 41 J and 100 MPa+#n temperature elevations,
proved unconservative in some cases when compared against experimentally
derived K g data for the A533-B reference plate. The maximum disparity,
however, was only 15°C.
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THROUGH-WALL EMBRITTLEMENT BEHAVIOR
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Fig. 10.1 Projections of through-thickness notch ductility
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“+ The in-wall toughness gradient produced by the irradiation indexed to

he transition temperature, was small for bcth materials. The difference
1
i

t

in 41 J temperatures between wal surf .ice and mid-thickness positions was
31°C for the A302-B plate and 22°C for the AS533-B plate. The variation
between measured Kj. 100 MPavn temperatures was 24°C for the A302-B plate

and for the A533-B plate.

>« The postirradiation 41 J temperature elevation was in close agreement
with the 68 J temperature elevation (within 6°C in most cases) and with the
0.89mm temperature elevation (within 8°C in all cases).

b. The 41 J temperature elevations with irradiation tend to be less than
corresponding temperature elevations 1in K\](, at the 100 MPavm level.

7. The Kg 100 MPa#n temperature elevations were 23°C less than the
Kjo elevation at that same level. In turn, the Kg elevations tended to be
less than the 41 J temperature elevation.

8. Results for the 0.5T=CT and 1T-CT specimens do not show a significant
effect of specimen size on the temperature location of the toughness
transition.

9. Postirradiation Cy data for the A302-B plate show an anomalous differ-
ence traceable to specimen thickness location in the original plate. The
anomaly was most evident in the upper shelf temperature regime with speci-
mens irradlated in capsule SSC-~1. Good properties uniformity was observed
in preirradiation (reference) condition data, however.
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APPENDIX A

TABLES OF INDIVIDUAL CHARPY-V TEST RESULTS FROM PSF IRRADIATIONS

Table Page

1 A302-B Reference Plate (Cole PRI ssivivosnsassptitnses 78

2 A533-B Refel’eﬂct Plate (Code. 3", 3?“) R R R R R T 81

77



APPENDIX A
Table |A Charpy-V Test Results for A302-B PlLate - Reference)

Code F23)

SPECIMEN TEST CHARPY
NUMBER TEMPERATURE ENERGY EXPANSTON
T (°F) ] (ft=1b) ___mm

(mils)

UNIRRADIATED CONDITION

Layer 1 e o
i 9 (7)
33 (24)
41 (30)
37 42)
88 65)
110 81)
115 85)
107 (79)
(73)
78)
81

499
1.524
)

26
e L4
|
1

626

|
1.5
1.6
l
|

+HOD

CAPSULE SSC-1
Group 1, Left L T
F23-1 13 (280) 92
F23~¢ 04 220) 92
F23-2°¢ y (550) 91
F23-4° (100) 22
F23-77 20)¢ (400) 95
F23-84 ! (190)
F23-91 / 160)
F23-1138 210)

Group 2, Right

F23-11 . 400) / 56)
F23-18 ( 180) 4 (30)
F23-50 220) 49 )
F23-70 ( 300) 77 (57)
F23-102 (230) 17 (57)
F23~116 / (130) 27 (20)
F23-163 v {550) 73 (54)
F23-170 0__( 50) 11 ( 8)
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Table 1A Continued

SPECIMEN TEST CHARPY LATERAL
NUMBER TEMPERATURE ENERGY EXPANSION
- (°F) J (ft-1b) mm (mils)
CAPSULE SSC-2
Group 1, Left:
Layer 1
22 116  (240) 83 (61) 1.295 {51)
42 288  (550) 79 (58) 1.448 (57)
74 104 (220) 73 (54) 1.194 (47)
81 204 (400) 72 (53) 1.194 (47)
88 88 (190) 38 (28) 0.584 (23)
142 66 (150) 22 (16) 0.381 (15)
76 154 (310) 73 (54) 1.219 (48)
Group 2, Right:
Layer 2
15 204 (400) 65 (48) 1.143 (45)
47 93 (200) 42 (31) 0.762 (30)
67 104 (220) 65 (48) 1.168 (46)
99 154 (310) 73 (54) 1.168 (46)
106 77 (170) 23 (17) 0.483 (19)
113 121 (250) 76 (56) 1.092 (43)
120 288 (550) 73 (54) 1.295 (51)
167 24 ( 75) 7 { 5) 0.001 (3
101 46 (115) 18 (13) 0.254 (10)
CAPSULE WALL NO. 1 ( SURFACE)
Group 1, Left
2 149 (300) 85 (63) 1.422 (56)
9 116 (240) 84 (62) 1.295 (51)
39 91 (195) 65 (48) - i
71 102 (215) 81 (60) 1.295 (51)
78 204 (400) 91 (67) 1.372 (54)
85 88 (190) 46 (34) — i
139 66 (150) 33 (24) 0,483 (19)
7 49 (120) 23 (17) 0.584 (23)
Group 2, Right
12 204 (400) 17 (57) 1.245 (49)
19 93 (200) 53 (39) 0.838 (33)
64 71 (160) 46 (34) 0.711 (28)
96 154 (310) 76 (56) 1.219 (43)
103 77 (170) 49 (36) 0.838 (33)
110 121 (250) 73 (54) 1.194 (47)
117 60 (140) 31 (23) 0.457 (18)
164 21 ( 70) 15 (11) 0.178 (7
17 43 (110) 18 (13) 0.381 (15)

79




Table 1A Continued

SPECIMEN TEST CHARPY LATERAL
NUMBER TEMPERATURE ENERGY EXPANSION
s (°F) J (ft=1b) mm (mils)
CAPSULE WALL NO. 2 (QUARTER T)

Group 1, Left

3 2 {3 5 (4) 0.000 ( 0)
10 104 (220) 85 (63) 1.346  (53)
40 288  (550) 80 (59) 1.524 (60)
72 43  (110) 49 (36) 0.711 (28)
79 204 (400) 88 (65) 1.499 (59)
86 49 (120) 26 (19) 0.483 (19)
93 7} (160) 47 (35) 0.813 (32)
140 149 (300) 80 (59) 1.321 (52)
24 27 ( 80) 27 (20) 0.406 (16)
Group 2, Right

13 204 (400) 73 (54) 1.245 (49)
20 82 (180) 71 (52) 1.118  (44)
65 32 ( 90) 30 (22) 0.508 (20)
a7 71 (160) 43 (32) 0.737 (29)
104 127 (260) 73 (54) 1.270  (50)
118 54 (130) 42 (31) 0.610 (24)
165 288 (550) 71 (52) 1.245 (49)
49 10 ( 50) 8 (6) 0.076 ( 3)

CAPSULE WALL NO. (HALF T)

Group 1, Left
4 121 (250) 84 (62) 1.499 (59)
21 60 (140) 52 (38) 0.914 (36)
41 288 (550) 81 (60) 1.397 (55)
73 43 (110) 39 (29) 0.559 (22)
80 204 (400) 84 (62) 1.372 (54)
94 17 (170) 64 (47) 1.067 (42)
141 93  (200) 88 (65) 1,372 (54)
44 10 ( 50) 14 (10) 0.229 (9
Group 2, Right
14 93 (200) 69 (51) 1.067 (42)
46 54 (130) 45 (33) 0.762 (30)
66 204 (400) 80 (59) 1.448 (57)
98 121 (250) 76 (56) 1.270 (50)
105 38 (100) 35 (26) 0.533 (21)
112 27 ( 80) 27 (20) 0.483 (19)
119 66 (150) 60 (44) 0.914 (36)
166 288 (550) 80 (59) 1.422 (56)
69 -1 ( 30) 11 ( 8) 0.152 ( 6)




Table 2A Charpy V Test Results for A533-B HSST Plate 03

(Code 3PS, 3 PT, 3 PU)

SPECIMEN TEST CHARPY LATERAL
NUMBER TEMPERATURE ENERGY EXPANSION
g - (°F) J (ft=1b) mm (mils)
UNIRRADIATED CONDITION

Layer 2

3PT-16 =40  (=40) i3 1) 0.305 (12)
3PT-11 -12 ( 10) - 1.016 (40)
3PT-12 27 ( 80) 79 ( 58) 1.245 (49)
3PT-15 66 (150) 110 ( 81) 1.981 (78)
3PT-13 121 (250) 146 (108) 1.905 (75)
3PT-14 204 (400) 152 (112) 2.159 (85)
3PT-32 =40  (=40) 12 ¢ 9 0.305 (12)
3PU~-16 4 ( 40) 42 ( 31) 0.635 (25)
Layer 3

3PU-32 149 (300) 134 ( 99) 1.905 (75)
Layer 4

ipT-27 -12 ( 10) 27 ( 20) 0.635 (25)
3PT-28 27 ( 80) 65 ( 48) 1.067 (42)
3PT-31 66 (150) 115 ( 85) 1.727 (68)
3PT-29 121 (250) 159 (117) 2.184 (86)
3PT-30 204 (400) 146 (108) 2.235 (88)

CAPSULE SSC-1

Group 1, Left

3PU~1 210 (410) 133 (98) 1.727 (68)
3rPu-2 43 (110) 27 (20) 0.406 (16)
3PU-3 71 (160) 50 (37) 0.737 (29)
3PU~-4 99 (210) 81 (60) 1.143 (45)
3PU-5 177 (350) 113 (83) 1.905 (75)
Group 2, Right

3rPu~17 160 (320) 111 (82) 1.600 (63)
3PU-18 71 (160) 28 (21) 0.406 (16)
3ru-19 116 (240) 108 (80) 1.499 (59)
3PU-20 82 (180) 56 (41) 0.838 (33)
3rPu-21 210 (410) 119 (88) 1.702 (67)

CAPSULE SSC-2 (Code 3PT)

Group 1, Left

6 216 (420) 103 (76) 1.778 (70)
] 77 (170) 41 (30) 0.559 (22)
8 93 (200) 49 (36) 0.813 (32)
9 121 (250) 83 (61) 1.397 (55)
10 43 (110) 14 (10) 0.279 (11)
Group 2, Right

22 113 (235) 79 (58) 1.270 (50)
23 66 (150) 33 (24) 0.508 (20)
24 149 (300) 103 (76) 1.626 (64)
25 104 (220) 49 (36) 0.889 (35)
26 216 (539)7 110 (81) 1,803 (71)
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Table 2A Continued

SPFECIMEN TEST CHARPY LATERAL
NUMBER TEMPERATURE ENERGY EXPANSION
il - (°F) (ft-1b) mm (mils)

CAPSULE WALL NO. 1 (.\'—ir;p_f"_A.":_l",_)_ __t:_f_)_d_f:_i.Pl'J
Group 1, Left o vl N

108 (80) 1.651

50 37 ) 0.737

! 0.889

1.549

)« 483

Croup 2, Right

)

CAPSULE WALL NO. 2 (QUARTER T) Code 3PU)
“""' )
(16)

(48)

CAPSULF. WALL NO. 3 (HALF T) (Code 3PT)

Croup 1, Left
| (400) 119 (88) 1.880

20 & 0.356
&4 (40) 0.838
92 » 1.549

+2 3 0.686

Group 2
sEOup
17

18




APPENDIX B

STRATIONS OF CHARPY-V AND COMPACT TENSION TEST
RESULTS FROM PSF IRRADIATIONS

Charpy-V lateral expansion measurements for the A302-B
reference plate before and after irradiation in capsule
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after irradiatioa in capsule SSC-1,
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Fig. B.8 Charpy-V lateral expansion measurements for the A533-B reference plate before and

after irradiation in capsule Wall-l.
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Fig. B.9 Charpy-V lateral expansion measurements for the A533-B reference plate before and
after irradiation in capsule Wall-2,
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Fig. B.11 Initiation fracture toughness of A302-D plate before and after irradiation i
capsule S$SC-1.
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Fig. B.12 Initiation fracture toughness of A302-B plate before and after irradiation in

capsule SSC-2.
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Fig. B.13 Initiation fracture toughness of A302-B plate before and after irradiation in

capsule Wall-1.
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Fig. B.1l4 Initiation fracture toughness of A302-B plate before and after irradiation in
capsule Wall-2.
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Fig. B.16 Initiation fracture toughness of A533-B plate before and after irradiation
capsule SSC-1.




101

TEMPERATURE ( F)

-208 -100 (%) 188 200 300 400
358 | I | | T | |
A533-B HSST Plate 03 (3P)
R G e e e M o R LR
T-L ORIENTATION
u -
250 -
€ 200 | 7 y—
- -
g? -~ ---—_---_.-“‘l-——-. 4
o, 158 | ¢ N ssc-2
i =
‘/¢_ "
1N . §79C o -~ UNIRRAD., 8.ST-CT, 8% SG
-/ ” ¥ we- UNIRRAD.. 1T-CT, 28% Se
- e @ -- UNIRRAD., IT-CT, 8% 5S¢
58 - /g - —_— v -- S5C-2, B.5T-CT, @% SG
v -~ §5C-2, 1T-CT, 8% SG
a A 1 1 1 = | 1 1
-158 -108 -50 8 58 108 158 208 258
TEMPERATURE ( C)

Fig. B.17 Initiation fracture toughness of A533-B plate before and after irradiation in

capsule SSC-2.
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Fig. B.18 Initiation fracture toughness of A533-B plate bef re and after irradiation in
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