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ABSTRACT

The Light Water Reactor-Pressure Vessel Surveillance Dosimetry Improvement
Program of the Nuclear Regulatory Commission (NRC) has irradiated mechantical
property test specimens of several 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 foi making
highly accurate projections of radiation-induced embrittlement to reactor
vessels. The steels studied represent a wide raug~ of radiation embrittle-
ment sensitivities and include plates, forgings ana submerged arc weld de-

posits (two each).

This report presents notch ductility and tensile properties Iinformation
developed with specimen irradiations at simulated surveillance and in-
wall locations. The irradiations were conducted at 288°C; neutron flu=-
ences were typical of vessel end-of-life conditions. Data comparisons
are used to {llustrate the toughness gradient produced by irradiation
and to assess the relative irradiation effect at surveillance vs. through-

wall positions.

The postirradiation toughness gradient between vessel surface and midwall
locations, indexed to the 41 J transit’on temperature, was found to be
small (31°C or less) for five of the six materials. Tensile test obser-
vations support the notch ductility trend iIndications. Simulated sur-
veillance capsule irradiations reproduced reasonably well the embrittle-
ment at vessel inner surface and quarter wall thickness positions in
almost all cases. The primary exceptions to both treands were provided
by the steel having the highest embrittlement sensitivity (0.23% Cu,
1.58% Ni weld deposit). Aggregate results for this material suggest
an independent contribution of high (>1%) nickel contents to radiation
sensitivity development and a weld susceptibility to long term time-at-
temperature effects.

Candidate areas for future research study are indicated.
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1. INTRODUCT LON

One objective of the Light Water Reactor-Pressure Vessel (LWR-PV) Sur-
velllance Dosimetry lmprovement Program established by the Nuclear Regula~
tory Commission (NRC), is the development of key i(nformation for the accur~
ate projection of radiation-induced mechanical properties changes in reac~
tor vessel walls (Refs. 1,2). The total effort represents a multi-labora~
tory program with international participation. MEA was given responsibili-
ty for the development and analysis of mechanical properties data required
for the study.

This report is a sequel to Reference 3 which presented the initial set of
postirradiation mechanical properties data from the Program. The initial
determinations were for two reference plates irradiated In the form of
Charpy=V (Cy), compact tension (CT) and tension (1) test specimens. The
plates are known as the AST™ A 302-B Correlation-Monitor Plate and the
Heavy Section Steel Technology (HSST) Program A 533-B Plate 03 (Refs. 4,5).
For the remaining materials reported upon here, irradiation assembly space
was too limited to permit inclusion of CT specimens for parallel fracture
toughness determinations. That {s, only C, and T aspecimens of these
materials were (rradlated. For simplicity and because of testing schedules,
the results were not included (n the initial report. The present report,
on the other hand, provides a complete compilation of Cy, and T data for
all of the materials.

Reference 3 provides additional background on the objectives and the
approach of the Program. In brief, the Investigations were designed to
study through=wall toughness gradients produced by 288°C {rradiation and
to determine the relative irradiation effect at survelllance capsule va.
In-wall locations. Additionally, the study was designed to explore the
correspondence of Cy and CT fracture toughness test methods In thelr
independent descriptions of radiation~induced embrittlement for the reac~
tor service case. Six materials (steel plates, forgings, and submerged arc
weld deposits) were provided by U.S5.A. and overseas laboratories. As will
be evident here, the materials represent a broad range of radlation embritt~
lement sensitivities.

Typleally, the task of mechanical properties prediction for vessels reduces
to three key components: proper and accurate deflnition of the neutron
fleld, accurate projection of fleld attenvation to and through the vessel
wall, and proper estimation of the steel's response to the local neutron
fleld. For the conduct of through-wall neutron dosimetry Investigations
and for through-wall neutron exposures of mechanical test specimens,
pressure vessel mock-up was constructed for the Program at the Oak Ridge
Research Reactor (ORR). The facility, known as the Pool Side Facility
(PSF), sinulates a large segment of a reactor thersal shield and vessel
wall (Ref. 2). Here, specimens can be irradiated In sealed capsules under
closely controlled temperature conditions at simulated survelllance and
through=wall locatlions.

Fignres 1| and 2 are schematic (llustrations showing the spatial relation
ship of the PSF to the ORR fuel core and the locations of individual cap~
sule assenblies. Note that the simulated survelllance capsules are posi~



Flg. | Schematic (llustration of PSF Factlity,
pressure vessel simulator and the thermal shield are
located outside of the aluminum pressure vessel (not
shown) housl g the reactor core (courtesy

SCHEMATIC OF POOL SIDE FRACILITY

SRV TLL At
LOCAT 10w

| OCAT 1ONS

Fig: 7 Schematic (llustration of the POF Facility
showing the locations of the apecimen capsules In
simulated survelllance and through-wall (readiat ton

locations.
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tioned at the thermal shield on the side away from the core and that the
wall capsules are placed in cavities (n the vessel simulator ltself. 1In
the present set of experiments, specimen temperatures typleally were held
within 10° of the target exposure temperature of 288°C. (For additional
details of the PSF pertinent to the specimen lrradiations, see Ref. Y

To date five capsules have been frradiated (Nef. 6) with the goal of
developing physica~dosimetry-metallurgy correlations. Two of the capsules
(designated SSC=1 and S8C=2) respectively deplet wurvelllance capsules
taken from & pressurised water reactor plant after about 1% years and Yo
years of operation, L.e., ot plant sid=life and at plant end=of-life. The
resalning three capsules (Wall=l, 2 and )) represent vessel surface (O7),
quarter wall thickness (1/4T) and half wall thickness (1/27) locations.
The lead factor, L.e., the ratieo of neutren flux levels between the survell~
lance capsule location and the wall surface location, was about eight for the
particular PAF configuration used.

i MATERIALS

The matarials (nvestigated are (dentified by type, supplior, heat treatment
condition and tattlal yleld strength level in Table 1. Table 7 lists the
material compositions. The A “# plate (Code F1)) has seen extensive
wae In reactor vessel survelllance applications and In test reactor studlies
(Mefa, 4,70, The A 330=B plate (Codes P8, IPT and ) PU) has been applied
as & reference material in the Internationsl Atomic Energy Agency's co
ordinated progran on the behavior of advanced reactor pressure vessel
stesls under neutron irradiation (Ref. M), [he reapective plates are
connidered representative of early vessel wanufacture and sofe fecent
vessel fabrication., The submerged are weld, Code BC, has been studied
entensively by programse at the Naval Research Laboratory (NRL) and at
West inghouse (Nuclear Techaology Diviaion) under the sponsorship of the
Blectrie Power Research Institute (EPRI) (Refs. 9, 100, A significant
amount of drradiation esbhrittloment data thus were siatent for these
thewe materiale, Less astensive data were avallab for the remalalng
materiale at the beginning of the Pragram.

In Table 2, the materiale are seen to differ considerably (n thelr respece
tive contents of copper (an Impurity) and atenel (an alloying element ). A
high copper content (n pressure vessel steels Lo known to be detrimental
to radiation enbeittlement resistance at IMA5C (Ref. L1).  For new resctor
vessels, a copper content less than 0,100 Cu (e now generally specified,
Nickhel alloying In asounts of 0.4 NI or sore has been found to relnforce
or magnify the deleterious effect of & high « f content (Ref, 12). A
phosphorus content (n ameunts of 0,0108 or sore ales has been shown harsful
to radiation reslatance; the sechanies for Lts contribution 1o radiation
sensltivity (o different from that of copper (Ref, 13). In the t
study, the phosphorus contents of the sin sateriale are sssentially the
same, ranging from 0,007 go 00018, Accordingly, phosphorus would ant be o
factor (n materiale variabiiity hers,

). SPRCIMENR

Standard €, specinens (ASTM Type A) and 4.57 am disneter tenslon specinens
were used for making the noteh duetility and tensile strengih deterslna
tlone. The respective specinen designe are Lilustrated in Fige, ) and &,
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TABLE 3. Capsule Irradiation Conditions

Capsule PSF Location Irradiation Time MW Hours Target Neutron
No. (Hours at Power) Exposure Flyence
(n/em*,E > 1 MeV)

$8C~1 Thermal Shield 1,291 32,000 3 x 1049

$8C~2 Thernal Shield 2,845 64,700 ~6 x 1019

wall=l Simulator 18,748 430,000* <6 x 1019
(Surface, OT)

wall-2 Simulator 18,748 430,000 ~ x 1019
(Quarter T)

wall+) Simulator 18,748 430,000 ~1.% x 1019

* Approximate

The specimen and material contents of the capsules are indlcated schematic~
ally In Figs. 5 to 9. Each material was assigned a specific code number
(see Table 1). For instance, code F2) (dentifles the A 302-B plate. The
code numbers of the A 533-B plate are, In fact, code Ldentifications carried
over from the sectioning of the original plate (Ref. 5). In the cane of
the code K material, the prefix to the specimen consecutive number indicates
the particular layer from which the specimen came (n the forging, e.g.,
specimens 65 and 610 were from layer no. 6.

Irradiation temperatures for all specimens are assumed to be 288°C for
this report. 1t should be obvious from the capsule loadings that neutron
exposure differences did arise between specimen groups as a normal result
of flun gradients across the capsule face and because the Cy and tensile
specimens were placed two layers deep within the capsule. Note that, for
A given material, the same specimen locations were reserved (n all flve
capsules.

5S¢ CHARPY-V ASSESSMENTS
% Pregedure

Tests were performed on two (mpact test machines verifled for accuracy
agalnet calibration standards supplied by the Army Materials and Mechanics
Research Centar (AMMRC). One machine located at the Naval Research Labor-
atory was used for irradiation condition (reference) tests and for tests
of the capsule S5C~1 specimens. In the case of the weld code R, prelrradi~
atlon data of the wsupplier (Ref. 16) were used for pre-postirradiation
comparisons. A second tester, located at the Nuclear Sclence and Technology
Facility at the State University of New York (SUNY) at Buffalo was employed
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Fig. 5 Cy, CT and tension test specimen locations in
the simulated surveillance capsule SSC-1 (courtesy
ODRNL). Tension test specimens are identified by the

setter T in the specimen number.



b6 Cy, CT and tension test specimen locations in

simulated surveillance capsule SSC-2
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for the balance of the C, specimens. The SSC-2, Wall-1, Wall-2 and Wall-3
specimens were tested concurrently.

Specimen energy absorption and lateral expansion were determined in each
test; in addition, applied load vs. time-of-fracture records were made
using a Dynatup system for future NRC studies. Data listings for the six
materials by capsule number are given in Appendix A. Preirradiation test
results (energy absorption, lateral expansion) for the two plates and the
22NiMoCr37 forging are compared in Figs. 10-12. Fig. 13 shows preirradi-
ation data for the A 508-3 forging developed by NRL and by the supplier.
Postirradiation energy absorption vs. temperature trends are illustrated
in Figs. 14 = 43, Figures showing lateral expansion vs. temperature trends
are provided in Appendix B. The Cy 41 J temperature was used as the primary
index of the brittle/ductile transition for making radiation effects com-
parisons. Radiation-induced elevations of the Cy 68 J and Cy 0.89 mm transi-
tion temperatures were also determined. Observations for the materials
are summarized in Tables 4-9. Portions of the data analysis for the
A 302-B and A 533-B reference plates from Reference 3 are repeated here in
the interests of consistency and completeness.

£ 2 Unirradiated Condition

In Figure 10, good agreement in C, properties between layer 1 and layer 2
of the A 302-B plate is observed. This will be seen to have special impor-
tance to the postirradiation data analyses for this material. The 41 J
temperature is -4°C (259°F); the upper shelf energy level taken at 260°C is
108 J (80 ft-1b). Tests of the A 533-B plate (Fig. 11) showed a comparable
transition temperature, -1°C (30°F), but a much higher upper shelf energy
level, 150 J (111 ft-1b). Good agreement of properties between specimen
layers is also found for this material. 1In the upper graph, the data
suggest a slight increase in the lateral expansion value with temperature;
however, the dashed line may be more descriptive of actual behavior in
view of the "flat” upper shelf energy trend curve (lower graph).

Figure 13 compares notch ductility determinations made by NRL and by the
laboratories of C.E.N./S.C.K. for the A 508-3 forging. Good agreement is
again observed. Rather large data scatter is typical for forgings of this
type and makes the indexing of 41 J and 68 J temperatures difficult. For
the irradiated condition average transition behavior was usually estimated
at the half width of the data scatter band. In Figure 12, data for the
22NiMoCr37 forging shows less scatter and a lower 41 J transition tempera-
ture, compared to the observations of Fig. 13. The 22NiMoCr37 composition
is very similar to that of ASTM A 508-2.

The two welds, codes EC and R, differ appreciably in their preirradiation
41 J temperatures and in addition, differ in their upper shelf energy
levels (see Figs. 34 and 39.) Here dissimilar weld depesit compositions,
welding fluxes, welding parameters, and/ or postweld heat treatments are
responsible for the property differences. Note from Table 1 that the weld
code R was fully heat treated after welding, not just stress-relief-annealed
as was the case with the weld code EC.

(Text resumes on page 52.)
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Fig. 37 Charpy-V notch ductility of the submerged
arc weld code EC before and after irradiation in
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Table 4. Summary of Observatiocns oa Notch Ductility of A 302-B Plate

Irradtation Fluence Transition Temp Irradiation Increase Upper Shelf Irradiation
Capsule !;ttg-tc‘ (*c) (#c) Level Decrease
(x10"%/ca?) 413 681 0.89 am 413 68 J 0.89 mm J n A Am

Unirradiated - -4 21 7 -— _— _— 108 1.60 — —"y
SSC-1 (Lefr) - 74 93 21 18 72 83 94 1.37 14 0.23
(Right) - 82 104 102 L1 83 9% 17 1.17 31 0.43

(Avg) 2.9 8 99 97 82 18 89 86 .27 23 0.33

$sC-2 5.4 90 104 99 94 83 92 75 1.19 33 0.41
wWall-l 5.4 77 9% 90 81 15 83 80 1.30 28 0.30
wWall-2 ~2.8 63 as 74 67 64 67 81 1.32 27 0.28
wWall-3 ~.4 48 17 (3] 50 56 56 81 1.42 27 0.18

Table S, Summary of Observations on Notch Ductility of A 533-B Plate

Irradiation Fluence Tranaition Temp Irradiation Increase Upper Shelf Irradiation
Capsule Estimated (*c ( £°¢) Level Decrease
(x10'%/ca?) 411 63 ) 0.89 mm 417 687 0,89 mm J o & am

Unirradiated - -1 24 13 — — — 150 2.18 — -—
SSC-1 2.55 60 A8 82 61 64 69 115 1.68 35 0.5
$8C-2 ~5.0 RO 107 99 81 81 86 106 1.73 44 0.45
Wall-l ~5 .0 74 102 93 75 78 80 106 1.60 44 0.58
wall-2 ~2.5 o8 9 85 69 89 72 —b 168 -5 9.50
wWall-)y e P 52 79 56 53 55 b3 | 125 1.93 25 0.25

% pluence > | Mev ® Mot established because of data scatter
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Table 6. Summary of Observations on Notch Ductility of Forging Code K

Irradiation Fluence Transition Temp Irradiation Increase Upper Shelf Irradiation

Estimate?® (*c) (a*c) Level Decrease

(x10%/ca?) 413 68 089 mm 415 687 0.89 ma J E Al am
Unirradiated - -65 -57 -59 _ —_ —_— 203 1.93 -— -
SsC-1 1.66 -4 4 7 61 61 66 160 1.98 43 (+0.05)
$SC-2 -3.2 2 &5 49 94 106 108 135 1.88 68 0.05
Wall-l ~3.2 ? » 24 n N6 83 161 1.93 42 0.00
all-2 = ~13 ~24 ~24 ~78 ~81 ~83 156 1.78 47 0.15
wall-) ~0.8 ~=9 -1 ~10 ~56 ~70 ~69 164 1.90 39 0.03
& Flaeace, E > | oV

Tabhle 7. Summary of Observations on Notch Ductility of Forgling Code M

Irradtation Fluence Transition Temp Irradlation Increase Upper Shelf Irradiation
Capsule Estimate® (*c (a*c) Level Decrease

(x101%/ca?) 411 683 089 mm 411 687 089 m J o Al tam
Unirradiated - -54 =34 -45 _— _ _ =212 2.4 - -
ssc-1 1.81 -34 -26 -29 ~20 8 16 ~205% 2.23 ~7 0.10
SSC-2 ~3.5 -15 -1 -5 » 13 9 ~201 2.29 ~11 0.05
all-l ~3.5 -29 -18 =20 25 16 25 219 2.16 (+)7 0.18
walli-2 ~1.8 -34 =20 -26 20 is 19 23 2.18 (#)22 0.16
Wall-} ~0.9 -40 -20 -34 14 14 11 ~211 2.26 ~0 0.08

* Fluence, £ > | WV
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 Table 8. Summary of Observetions on Notch Ductility of Weld Code EC

Irradiation Fluence Transition Temp Irradlattion Increase Upper Shelf Irradiation
Capsule Estimated ("o (a*c) Level Decrease

(x10%/ca?) 415 681 0.89 m 41 681 0.89 mm J = & sem
Uefrradiated - -18 n -4 —_— — - 92 1.75 — -
S$SC-1 1.77 %0 - 10 s b 19 58 0.94 ¥ oM
$sc-2 ~3.5 o -» s =% 2 50 0.9 &2 .79
W=l ~3.5 R -5 s =4 54 0.96 B 9.9
wall-2 ~1.8 b e L) % —=b ‘14 58 1.04 ¥ 0.
wall-} ~0.9 n - 05 . - ~114 58 1.09 % 0.66
msa-j2¢ 0.81 % e 0w 97 83 108 70 0.99 2 0.7
® Fluence, £ > | ¥ b Not estadlished € NRL-EPRI experiment (Ref, 9)

Table 9. Summary of Observatioas on Notch Ductility of Weld Code R

Irradtation Fluence Transition Teap Irradiation Increase Upper Shelf Irradiation
Capsule Estimared (*c) (2°0) Level Decrease

(x10'%/ca?) 413 8 ) 0.9 mm 417 o812 % mm 3 R &l sam
Unirradiated - 79 -68 ~73 —_— — —- 178 .80 - -
$sc-1 2.68 143 188 185 22 2% 258 %0 1.2 88 0.58
$SC-2 ~5.2 210 —b —b 289 -t —b 57 0.87 121 0.9
wall-t ~5.2 207 —b —b 286 —b —b S4€  0.84 126 0.9
wall-2 ~2.7 177 2109 205 256 214 2 9  1.09 109 0.1
wall-3 ~1.4 160 199 194 239 267 267 80 1.09 9% 0.71

& Floence, £ > | WV b Mot established € Value at 260°C 4 Approximate
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5.3 Simulated Surveillance Capsules

Data for capsules SSC-1 and S8C-2 are presented in Figs. 14 and 15 (A 302-B
plate, code F23), Figs. 19 and 20 (A 533-B plate, codes 3IPT, 3PU), Figs. 24
and 25 (forging, code K), Figs. 29 and 30 (forging, code MO), Figs. 34 and
35 (weld, code EC) and Figs. 39 and 40 (weld, code R). Results from speci-
mens contained in the left hand compartment of the capsules are separately
identified from results from specimens In the right hand compartment in
each figure. The fluence received by the materials in capsule SSC-1 are
summarized in Table 10.

Fluences for the same materials from the capsule S8C-2 are estimated to be
1.95 times higher. For the most part, the fluence variation (minimum vs.
maximum value) for individual materials in capsule SSC-1 was <10%Z. The
fluence variat!>n between two materfals however, was higher in many cases.
For example, the variation between the forging code K and the A 302-B plate
was 40%.

In Fig. 14, specimens of the A 302-B plate contained in the left compartment
of capsule 88C-1 (group 1) indicate a different postirradiation notch
ductility than specimens contained in the right compartment (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
dissimilaritles 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. 10, unirradiated condition tests of these twe 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 is small and average be-
havior was used for capsule~to-capsule comparisons. In the case of upper
shelf behavior, the difference was largest for capsule 38C-1, intermediate
with capsule Wall=2 and small for capsules 8S5C-2, Wall-l and Wall-3. In
the discussion of data whiech follows, average properties are assumed for
the A 302-B material unless noted otherwise.

From the aggregate capsule SS8C-1 results, very large matcrial-to-material
differences in radiat{on embrittlement sensitivity are apparent. Taking
fluence dissimilarities Into account, the materials rank by thelr sensitiv-
tty, t.e., 41 J temperature elevation, as follows: weld code R (highest),
weld code EC, A 302-B plate, forging code K, A 533~B plate and forging
code MO (lowest). The order of ranking is found unchanged in the capsule
§8C~2 data; wsome differences In relative sensitivity were observed as
discussed below.

As expected, the A 302<B plate showed a greater embrittlement sensitivity
than the A 5)3=B plate. The greater radiation effect to the former is
consistent with its higher copper content (0.21% va. 0,12% Cu) and (ts some=
what higher fluence. The low sensitivity of the forging code MO is a
manifestation of its low copper content (0.05% Cu), its low phosphorus con=
tent (0,008 P) and, In the opinlon of the authors, its prior forging
(metal working) history. The high and very high radlation embrittlement
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Table 10. Fluence Exposures of Materials in Capsule SSC-1

Average Fluence 41 J Temperature Sensitivity

Material Fluence?@ VariationD Increase Ranking
(x 1019/cm?2) (2) (a%c)

(Code F23)
A 533~B Plate 2.55 10,1 61 b
(Codes 3PT, 3PU)
Forging 1 .66 14.5 61 4
(Code K)
Forging 1.81 3.9 20 3
(Code M) (lowest)
Weld 1.77 8.8 108 2
(Code EC)
weld 2.68 9.7 222 1
(Code R) (highest)

8 Fluence, E > | MeV [Ref, 18]

b(1 - minimum/maximum) x 100
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sensitivities of, respectively, the welds code EC and code R are readily
attributed to their high copper contents (~0.24% Cu) and nickel alloying
(0.64% and 1.58% Ni). Recent experiments confirmed a long-suspect syner-
gism between nickel and copper in radiation sensitivity development wherein
the former in amounts of 0.4% or more reinforces the detrimental effect of
a high copper content. As discussed later, it is believed that more is
involved in the very high radiation sensitivity of the weld code R than
just nickel and copper content. The embrittlement sensitivity of the
forging code K is ranked higher than that of the A533-B plate. The copper
contents of the two material; are compa‘able. Their difference in fluence
(1.66 x 1019 vs. 2.55 x 10! n/cm ) must be considered in weighing their
irradiation responses (equal 41 J temperature elevations).

On balance, the $SC-1 and SSC-2 postirradiation data provide no surprises
in regard to material ranking. The absolute level of sensitivity of the
weld code R was somewhat unexpected. A comparably high-radiat!on sensitiv-
ity has been observed before, bnt in another weld composition; f.e., a
filler metal for NiCrMo (Ref. 7).

A second primary observation from the capsule SSC-1 vs. capsule §SC-2 data
is that the doubling of the fluence exposure of the materials produced
only a small, in many cases negligible, additional 41 J temperature ele-
vation. Weld code R was the exception. The 41 J temperatures of the
A 302-B plate and the weld code EC were further increased by only 1l to
12°C; those of the A 533-B plate and the forging code MO were further
increased by 19 to 20°C. The doubling of the fluence exposure had a
somewhat larger effect (33°C change) on the forging code K but a difference
in location of the test specimens in the original forging thickness (layers
5 and 6 vs. layer 7) may be partly responsible. In this case, specimens
from layer 8 only were provided to MEA for making preirradiation determi-
nations. Thus, the existance (or absence) of a through-thickness notch
ductility gradient (which would have an impac' on the "measured” 41 J tem-
perature elevations), could not be shown. For (e case of a gradient, layer
7 would normally have a higher transition tem erature than layers closer
to the surface of the forging. For weld cci.e R, the 41 J temperature
elevation for specimens from capsule SSC-2 was 67°C or 30% higher than that
for capsule SSC-l1. The percentage difference is about the same as that
observed for the A 533-B plate (33%Z). Thus the 67°C increase is not dis-
proportionately large for the doubling of the fluence exposure in this case.

The findings for the two plates and the weld code EC are in general agree-
ment with prior observations for these materials following in-core irradi-
ation at 288°C in a test reactor. Figure 44 shows the SSC-1 and 8SC-2
data entered on the data trends found with the in-core experiments. At
both fluence levels, the data for the A 302-B plate agrees well with the
{n-core trend. Additionally, the small difference in firradiation effect
found between the SSC~1 and $SC-2 tests is predicted well by the data trend.

Not shown, an in-corc, 288°C irradiation test of the A 533-B plate at
~1.5 % 101 n/cl produced a 41 J temperature increase of 56°C (Ref. 6).
The 8SC-1 result for this plate {s consistent with this earlier determination
when the respective fluence levels are considered. Likewise, the SSC-1
data for the weld code EC agree reasonably well with a prior in-core
test (see Fig. 34).
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INCREASE IN C, 4iJ TRANSITION TEMPERATURE
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Fig. 44 Data from the capsules SS5C~1 and SSC-2 com-
pared against trends of C, 41 J transition tempera-
ture change with irradiatfon observed with in-core,
test reactor experiments. The trend band, marked
ASTM A 302-B Reference Trend was established with
several independent experiments using code F23 mater-
ial; good agreement at both fluence levels is indicat-
ed. Observations for the remaining five materials
show good agreement with projections based on % Cu
(and % Ni) content.
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Discussions of the relative effects of irradiation on the upper shelf level
and on the 68 J and 0.89 mm transition temperatures are presented in later

sections (see Intercapsule Comparisons and Embrittlement Assessments by
Alternative Indices).

5.4 Wall Capsules

Data for the capsules Wall-l, Wall-2 and Wall-3 are illustrated in Figs.
16-18, Figs. 21-23, Figs. 26-28, Figs. 31-33, Figs. 36-38, and in Fig.
41-43, The data are also summarized in the Tables 4 to 9 and in Fig. 45.

A primary observation for five of the materials is that the Increase in
fracture resistance with wall depth (surface to the mid--""11) is neither
rapid nor dramatic., That 1is, the 41 J transition temperature elevation
for specimens irradiated in capsule Wall-3 is not much lower than that
observed for the capsule Wall-l irradiation. In the case of the A 302-B
and A 533-B plates for example (Table 11), the 41 J temperature elevations
for capsule Wall-l are 81°C and 75°C, respectively., Corresponding determi-
nations for capsule Wall-3 (depicting the midwall location) are only 31°C
and 22°C lower. The wall surface and mid-wall irradiation locations pro-
duced a similar order of differences for the forgings and the weld code EC.
The weld code R did not show comparable behavior. 1Its greater sensitivity
to the irradiation location is consistent with its much higher radiation
sensitivity level. The data for this weld suggest an embrittlement vs.
fluence trend of a much higher slope than found for tte remaining five
materials. Again, it 1s cautioned that a 1:1 comparison cannot be made
between the weld code R and the other materials because of dissimilar
fluence levels. For example, the fluence difference (Wall-l vs. Wall-3)
which produced the 47°C reduction with depth for weld code R was 3.8 x
1019 n/cnz; the fluence difference for weld code EC which produced its
25°C reduction was only 2.6 x 1019 n/cnz. More lngottantly. the embrittl=-
ement trend with fluence in the interval 0.9 x 1019 to 1.8 x 1019 n/cm? is
non-linear for many materials (see Fig. 44). This interval encompasses the
Wall=2 and Wall=3 exposures of weld code EC, but not of weld ccde R, Thus,
judgements are necessary in making material cross compaiisons.

0f additional interest to this investigation, note that the A 302-B and
A 533-B plates exhibited about the same transition temperature elevations,
i.e., about equal radiation sensitivities, when exposed in the wall capsule
locations., This is in clear contrast ic the difference in apparent embrit-
tlement sensitivity observed with the simulated surveillance capsule irra-
diations, Whether or not this chang: in relative behavior arose from the
much longer exposure time of the wall capsules is a key question.

Referring to the test results for the forging code K, the data for capsules
Wall=2 and Wall=3 inexplicably show large scatter, For example, the scatter
band for the capsule Wall=3 data is approximately 33°C wide. The 41 J tem-
perature elevation based on average behavior, on the other hand, 1is 56°C.
The scatter is of a magnitude making meaningful data comparisons difficult,
Accordingly, detailed analyses over those presented above were not attempted
for this material,
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41 J TEMPERATURE INCREASE, A°C
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Fig. 45 Comparison of C, data from simulated surveil-
lance capsules vs. in-wall capsules (open triangle vs.

filled circle

points). With

two exceptions, the

surveillance capsule data either predict well or over-
predict the transition temperature elevation for the

wall location.
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Table 11.

Observations on 41J Temperature Increase

for Capsules Wall-l and Wall-3

Material

41 J Temperature Increase, A°C

Capsule Wall=l

Capsule Wall-3

Difference, °C

(A) (B) (A=B)
A 302-B Plate 81 50 31
(Code F23)
A 533-B Plate 75 53 22
(Codes 3 PT, 3 PU)
Forging 72 ~56 ~16
(Code K)
Forging 25 14 11
(Code M)
Weld 114 89 25
(Code EC)
Weld 286 239 47
(Code R)
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For the A 302-B plate, essentially the same (reduced) upper shelf level was
observed in the Wall-l, Wall-2 and Wall-) capsule tests. A comparahle data
pattern {s shown for the forging code K and the weld code EC. The upper
shelf level of the forging code M was not reduced significantly by any of
the wall capsule exposures, Only the weld code R showed a large change in
upper shelf level with wall depth. The upper shelf for the wall surface
location was 35 J or 32% lower than the upper shelf at the mid-wall location,
From the lateral expansion data for the A 533=B plate, the upper shelf
toughness 1 el of this material would appear to be the same for the Wall-=]
and Wall=2 locations but not for the Wall=) location, Here, the higher
upper shelf toughness for the Wall=3 capsule may or may not be a simple
manefestation of bilased data scatter., The high data scatter found with the
Wall=2 upper shelf tests, while not explainable, {llustrates well a
problem which can be encountered when too few specimens are provided.
Many early reactor vessel surveillance programs likewise had only limited
specimen numbers,

5.5 Intercapsule Comparisons.

The data from the two sets of capsules (surveillance vs, wall) are in good
agreement in showing that the difference in transition temperature eleva-
tions between the lowest fluence and the highest fluence condition is not
large for typical vessel materials. In turn, the fluence attenuation with
wall depth between surface and quarter thickness positions does not trans-
late to a dramatic gradient in fracture toughesss in the general sense,
The exception of course is the weld code R but this weld composition has
not been used In commercial reactor vessels,

One primary objective of the five capsule series, both from the standpoint
of neutron physics calculations and from the standpoint of metallurgical
correlations, was to see how well data from capsule SSC-1 predict the
irradiation effects to the quarter wall thickness location (capsule Wall=2),
and, how well data from capsule SSC-2 predict properties at the wall inner
surface (capsule Wall-1), Appropriate comparisons are shown in Table 12,
Surveillance vs. the wall capsule data also compared in Fig. 45, open
symbols vs. filled symbols, respectively., Differences in transition tem=
perature elevation of 109C or less are felt to be indicative of 1:1 corres=
pondence.,

With few exceptions, the survelllance capsule data efther predict well or
overpredict the transition temperature elevation for the wall location.
For the A 302-B and A 533-B plates and the weld code EC, the amount of
overprediction is 20°C or less regardless of the brittle/ductile transition
index used (41 J, 68 J or 0.89 wn). Their upper shelf energy changes are
also predicted well, 1,e., are within about 7 J or 5 ft=1h, Interpretation
of the results for the forging code K is difficult. On one hand, we have
a case of underprediction (SSC=1 vs. Wall=2) by ~20°C and on the other, a
case of overprediction (SSC=2 vs, Wall=l) by approximately the same amount,
Possible reasons for the inconsistency were pointed out above, A like
situation exists with the weld code R.
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Table 12, Comparison of Simulated Survelllance and Wall
Capsule Observations (Matching Fluence Conditions)

Capsule 41 J Temp. 68 J Temp., 0,89 mm Temp, Upper Shelf Energy
(a°c) (A*C) (A%C) (a 1)
A 302-B Plate (Code F23)
§8C~1 82 78 A9 23
Wall=2 67 64 67 27
Differenced 15 14 22 - 4
§8C=2 94 83 92 1
Wall=] 81 75 83 28
Difference 13 8 9 5
5338 P
S8C~1 Al 64 6hY9 35
Wall=2 59 59 72 35b
Difference -8 -5 -5 ob
§8C~2 81 83 R 44
Wall=l 75 78 80 b
Difference ] 5 ) 0

A SSC Capsule value = Wall Capsule value
b Eatimate based on lateral expansion data






Table 12, Comparison of Simulated Survelllance
and Wall Capsule Ohservations (Continued)

Capsule 41 ) Tewp, 68 J Temp. 0,89 mm Temp, Upper Shelf Knergy
(a%c) (a*e) (a*e) (s n

Neld (Code KC)

LLIE 108 - e Ve

Wall=2 9% - 114 AN

Diffurence 14 - 5 0

LE ] e - ~1n 42

Walle) 14 - ~1n "

Difference 5 - n .
Neld (Code ®)

LET 22 1% 258 LL]

Wall=2 PATY PRl ] im 109

Difference -3 =22 =20 =1

LE T e - - 121

Wall=| AL - - 124

Difference ) - - -3

mn—




3.6 Bmbrittlement Asssssemeri by Altecnitive iodices

Table 1) (s & summary comparisen of absolute (ransitlon temperatures and
teansition temperature elevations (AT's) lndeved Lo the C, 68 J tempera~
ture and the C, 0.89 an temperature an altercorives to the €, 41 J temper-
ature. munfy. the 0,89 sm teapecature is higher than the 41 J temper~
ature. On the other hand, this index tewjerature index I8 elther about
equal to or slightly lower then the AR J tewpuiature, thelr maximum differ-
ence being 14°C for both preirradiation eud postirradiation conuitions.
In turn, the 0.%9 am and 68 J traneition temperature elevations are about
the same, 1.0., within 119C with ay average difference of 67, Of greater
interest, with the exception of weid code R, the data sets » 0w an agree~
ment of AL J and 68 J transition temperature elevatioss to within 14°C,
Accordingly, the ranking of the ‘eradiation effect by cepsule location lw
quite (ndependent of the Cy indexing procedure selected (41 J, 68 J or
0.9 ma tomperature), Where the 41 J remperiture shift was found to be
significantly less than the &8 J temperature Increase, (see code R), the
Leradiation produced & marted change (flatteoing) in the shape of the
transition cutve, This alteration prad ced & JA"C difference between transi~
tion temperature elevations 1n the case of tw capsule S8C-1 exposure and
22° o IN'C difterences In the case of the capsule Wall=l and Wall=2 ex~

posures,

The close agresment of the 41 J and 68 | transition temperature elevations
noted In the present study s consistent wich observations made for several
other steels earlier (Ref, %), The prioc study however reported a bhlaw
toward a greater O, 09 mm transition temperature slevation, compared to the
41 J vemperaturs elevation, on the srder of 199 to 209C. In the present
Investigation, only the weld coce R showed a conslatent blas of this order
of magnitude. With the weld code BC and with the forging code K, two out
of the five data sets did suggost & wderate or high blas, but factors
such as 4 low postirradiation upper shelf sust be considered In jJuaging

these data sets,

6. TENSILE PROPERTIES DETERMINATIONS
6.1 Presedute

Tensile properties were established usl g button head specimens machined
from selected €y, specimen Blavks (Fig. 4). ALl tests were conducted al
# loading rate less than 6% MPa/min  based on the slope of the load-
extension curve (n the elastie reglon. Specinen straln was not menltered
wslng an extensoseter] Instead, elongetion o f the gage sectlon wan mon/ Lored
from test machine actuator displacewsnt . In Flg. 4, the unifors gope

hois shown to be 31,75 mm.  Poo detersinations of the 0,28 offaet
yleld streagth, however, an e/fvtlve qage Leyth of 8.1 mm was assumed (n
arder to sevount fully for the apecinsn's reduced votion and for a por~
tlon of the radius blends, ALl tosts were performed o0 4 5 setrie ton
MTH servohydraul e test machine. “oad coll colioration o performed within
in one year of the present testa. A calidratlon recheck uslng shunt
resiators was made (amediate.y Vel re cach test. Likewine, & calibration
rechech of actustor deflection s performcd hefore (he test sefles com
menced and was verified agaln afie: the tests were completed.  Specinen
load vo. actuator deflection was fecorded a'mulionesusly an twe X=¥ plot=
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Table 13, “mparises of Irradiation Effect Assessvents by Alternative <, Indices

Comparison e 143 e ld? Forging Forging A 302-8 Plate A 533-B Plate
(F) n (Code EC) (Code %) (Code W) {Code X) (Code ¥23) (Codes IPT, I7U)
E "l,“"" "‘b A< B A2 B Ax B A’ B A=B
(%0 (12*°0) (14°C) (1*c (3¥°c)
| n‘ll"“@h A< SR A*BH A - B A< B A > B A< B
| (25*"0) (W 0 (o) {14*%0) (7°¢c) (8°¢C)
| MMea; vs. 5Ty aoum — A<H 4~ A=B A< B A=B
i 4 (2°c) ("0 (5°C) (11*c) (6°C)
l To %= ¥*- Teas -— A=B A B A8 A<B A<B
; (5°c) (14°C) (5°C) (14°C) (13°c)
S%am ¥ T4 A8 A> S A B A B A B A B
- e (34%C) (42°0) (9°¢c) (20°¢C) (19°¢) (22°¢c)

| * Where comparisons were possible
| b postirradiation upper shelf less than 68 J
| © maximen differeace between values



ters. One plotter recorded the entire applied load vs. deflection history
through ro speciwen failure. The second plotter provided an expanded load
vs. defleccion record whizh was stored digitally via a computer-controlled
data acquisition system.

€.2 Observations

Tensile property determinations are listed in Tables 14 to 19 and are
illustrated graphically in Figs. 46 and 47. 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 irea measurements are not available. These measure-
ments will be included in an addendu= to ve issued by MEA.

Referring to Fig. 47, the data show the expected increase in yield and ten-
sile strengths with !ncreasing fluence. Except for weld code R, the yield
strength changes were less than 175 MPa (25 ksi) and yield strength differ-
einces between capsuvles are small (see Table 20). The strength change was
lecst 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-1l or capsule SSC-1.
Surveillance capsule results (duplicate test averages) by-in-large gave
canservative predictions for material performances in the wall capsules.
The reasoa for the somewhat high degree of scatter found with some of the
dara sets Zor the A 302-B and A 533-B plates has not been ascertained but
is rot dve to plate sampling location or testing procedure, i.e., specimens
were {row one small volume of material and were tested concurrently.

7. DISCUSSION

Further analysis of the data presented here will depend on the availability
of "final" fluence values and the confirmation of fluence gradients within
the individual capsules. Adjustments to fluences listed in the data tables
are not expected to be greater than 10%; accordingly, the conclusions
drawn from capsule intercomparisons will remain unchanged.

The very high radiation embrittlement sensitivity observed for the weld
code R may be due to more than just the synergism of nickel content with
copper content. It is possible that, when the nickel content is high (> 1%
Ni), an independent contribution of nickel to radiation sensitivity develop-
ment occurs. The code R data also could be reflecting some non-nuclear
tine-at-temperature effect. This suspicion derives from the lower embrit-
tlement observe¢ for the capsule SSC-1 specimens compared to the capsule
Wali~2 specimens coupled with their large difference in exposure times,
i.e., 1291 hours vs. 18478 hours. Capsule SSC-2 which was exposed for
2845 hours on the other hand, did produce comparable embrittlement to its
mating cepsule, Wall-l. A larger dissimilarity in yield strength elevation
was alsc vecorded for the capsules SSC-1 and Wall-2 (31 MPa) compared to
the capsules SS(,-2 and Wall-l (16 MPa). Thermal control data where avail-
able are heipful in resolving yuestions of one vs. two operating mechanisms
and can help preclude technical surprises as well.
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Table 14. Tensile Properties of A 302-B Plate

Specimen Test 0.2% Yield Ultimate
Number Temperature Stress Stress
(°c) (MPa) (MPa)
Unirradiated
F23-T1223 24 482 660
Capsule SSC-1
F23-T62 24 581 710
F23-T2328 24 611 756
F23-T1 163 507 643
F23-T7 288 499 646
F23-T16 288 538 705
Capsule SSC-2
F23-T11 26 610 726
F23-T27 26 620 755
F23-T13 163 549 682
F23-T5 288 518 671
F23-T20 288 559 727
Capsule Wall-l
F23-T2 24 584 711
F23-T17 24 605 762
F23-T28 163 556 703
F23-T8 288 516 675
F23-T24 "88 538 712
Capsule Wall-2
F23-T3 26 571 704
F23-T25 26 588 736
F23-T12 163 519 658
F23-T9 288 506 665
F23-T18 288 527 697
Capsule Wall-3
F23-T4 27 553 697
F23-T26 27 580 730
F23-T21 163 523 677
F23-T10 288 496 655
F23-T19 288 517 697

8 Tested at the U.S. Naval Research Laboratory
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Table 15. Tensile Properties of A 533-B Plate?

Specimen 0.2% Yield Ultimate
Number Stress Stress
(MPa) (MPa)
Unirradiated
3PT-14A 448 641
3PT-14B 459 641

Capsule SSC-1

3pT-T1P 567 715
IPT-T10 573 710

Capsule S5C-2

IrT-15 . 606 744
IPT-T8 595 720

Capsule Wall-1

3PT-T2 585 734
3PT-T11 577 725

Capsule Wall-2

3PT-T3 552 707
3PT-T12 565 712

Capsule Wali-3

3PT-T4 534 687
3PT-T13 543 690

a4 Test temperature 24 to 27°C
b Tested at the U.S. Naval Research Laboratory




Table 16. Tensile Properties of 22NiMoCr37 Forging?

Specimen 0.2% Yield Ultimate
Number Stress Stress
(MPa) (MPa)
Unirradiated
K-915 409 562
F-920 405 557

Capsule SSC-1

K-98 514 636
K-99 528 657

Capsule SSC-2

K-910 575 693
K-911 570 687

Capsule Wall-1

K-96 540 670
K-97 545 672

Capsule Wall-2

K-93 515 648
K-95 520 655

Capsule Wall-3

K-91 516 654
K-92 510 647

8 Test temperature 24 to 27°C
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Table 17. Tensile Properties of A 508-3 Forging?

Specimen 0.2% Yield Ultimate
Number Stress Stress
(MPa) (MPa)
Unirradiated
(average)P 462 615
Capsule SSC-1
MO-1 487 614
Mo-2P 423 590
MO-3 487 613
Capsule $SC-2
MO-13 508 627
MO-14 510 627
MO-15 512 627
Capsule Wall-l
MO-4 501 627
MO-5 504 627
MO-6 504 626
Capsule Wall-2
MO-7 491 616
MO-8 482 615
MO-9¢ 470 615
Capsule Wall-3
MO-10 475 608
Mo-11P 407 585
MO-12 480 614
4 Test temperature 24 to 27°C

b 288°C test

€ Specimen damaged in experiment decanning

MR N
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Table 18. Tensile Properties of Weld Code EC®

Specimen 0.2% Yield Ultimate
Number Stress Stress
(MPa) (MPa)
Unirradiated
(average)b 456 583

Capsule SSC-1

ET-1 602 691
ET-2 598 689

Capsule SSC-2

ET-10 623 711
ET-11 619 708

Capsule Wall-1

ET-3 610 703
ET-4 622 709

Capsule Wall-2

ET-5 599 696
ET-6 603 702

Capsule Wall-3

ET-7 607 695
ET-9 592 693

4 Test temperature 24 to 27°C
b NRL data
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Table 19. Tensile Properties of Weld Code R?

Specimen 0.2% Yield Ultimate
Number Stress Stress
(MPa) (MPa)
Unirradiated
Test-1b 475 596
Test-2P 502 629
Capsule SSC-1
R88-T 766 820
R89~-T 776 840
Capsule SSC-2
R64-T 830 872
R65-T 815 858
Capsule Wall-1
R62-T 841 889
R63-T 838 879
Capsule kall-2
R86-T 803 854
R87-T 801 853
Cagsu)e !_l{:_
R84~-T 777 837
R85~-T 773 833

4 Test temperature 24 to 27°C

b Supplier data
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Table 20. Comparison of Strength Changes Produced by Irradiation@

Material Maximum Observed ElevationP Maximum Difference Between Capsules®
Yield Strength Tensile Strength Yield Strength Tensile Strength
: (MpPa) (MPa) (Mpa) (MPa)
A 302-B 133 81 48 27
(Code F23)
A 533-B 147 91 62 43
(Codes 3 PT, 3 PU)
Forging 166 127 60 40
(Code K)
~
&
Forging 48 12 32 16
(Code M)
Weld 165 127 22 20
(Code EC)
Weld 351 272 69 54
(Code R)

a Ambient temperature tesrs; average of test data
b capsule $SC-2 vs. unirradiated condirion
¢ Capsule SSC-2 vs. capsule Wall=3 or capsule SSC-1 (code R only)




The relatively small difference in embrittlement level between wall surface
and mid-wall positions was expected for the particular fluence ranges
examined. The embrittlement ( A') trend developed for the A 302-B plate
through in-core 288°C irradiation tests (see Fig. 44) shows that the rate
of embrittlement accrual is higher for fluences below | -1.5x10'9 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 objec~-
tive of evolving (or refining) physics-dosimetry-metallurgy correlations
for near end-of-life (EOL) vessel conditions. EOL flueaces on the ianer
wall in many instances will range from 4 to 6 x 1019 n/cm?. 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 trend curve may be in order. The code R, code EC,
A 302-B and A 533-B materials would be good candidates for such an investiga-
tion. Additionally, a material having a radiation embrittlement sensitivi-
ty intermediate to that of welds code R and EC shonld be included.

Earlier analyses suggested that the benefit of radiation effects attenu-
ation with wall thickness, in terms of the retention of a tough outer wall
ligament, would be strongest for the more radiation sensitive materials.
¥igure 48, taken from an earlier study (Ref., 19) {llustrates this differ-
ence. The analysis shown was developed on the basis of experimentally
defined or projected embrittlement trend curves for medium and high sensi-
tivity cases. Within this framework, high copper content welds would be
expected to follow the "high seasitivity” curves. The ASTM A 302-B refer-
ence plate {llustrating the "medium senstivity case is the code F23 mater-
ial studied here. As noted, *ihe crack arrest transirion (CAT) occurs
closer to the wall surface for the "high sgensitivity” case than for the
"medium sceasitivity” case because of the dissimilar gradients in embrittle-
mont. The CAT, by definicion, is the fracture transition elastic (FTE)
temperatuce taken to be 31°C (90°F) above the drop weight nil-ductility
tcans "tion (NOT) temperature.

Among the PSF experiment materials, only the weid code R clearly fits the
category of "high sensizivity’' in Fig. 48. The weld code EC, although
2ignificantl. wore radiation embrittlement sensitive than the A 302-B plate,
showed about the same difference in 41 J temperature increase bpetween
capsule Wall-1 and capsule Wall-3 as the A 302-B (25° vs. 31°C). When the
aata for this weld are superimposed on Fig. 44, an embrittlement trend
having a higher slope than that of the A 302-B plate is depicted, but the
slope difference is small.

Finally for completeness, it is well to meation here the ohservation made
in postirradiation CT and ., test comparisons for the A 302-B and A 533-B
plates (Ref. 3). On balance, the 41 J temperature elevation had a teadency
to be less than the 100 MPa+#n temperature elevation. The trend was
more apparent for the A 302-B plate whers on average, the 41 J temperature
increase was about 24°C smaller than the 100 MPa vn temperature increase.
However, when the CT fracture toughness data were corrected for coanstraint
by the & -~approach postulated by Trwin (Ref., 20), the 100 MPa temper-
ature elevations were lower than the 41 J temperature elevations. (The #.-
correction has been shown by Merkle (Ref. 21) to provide reasonable estimates
of the plane strain fracture toughness, Ki., for cases in which K{. and some
non-plane strain fracture toughness, K., are known.) For the referenced CT
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Fig. 48 Projection of through-thickness notch ductil-
ity of a 200 mm thick reactor vessel irradiated at
288°C for the case of medium r:diation embrittlement
sensitive vessel materials (depicted by the ASTM
A 302-B reference plate) and for the case of high radi-
ation embrittlement sensitive materials (depicted by
the surveillance steel). The loci of the FTE posi-
tion when the vessel temperature equals the inside
surface NDT plus 33°C (60°F) temperature is indicated
for each fluence.
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data, the K;. values were taken as K. values. Before fo-corrected data
can be applied with full confidence, further experimental confirmation of
the aporoach is required and {s a subject of current research.

8. CONCLUSIONS

Primary conclusions and observations drawn from the results for the
materials, except for code R, are as follows:

l. The surveillance capsule data indicate reasonably well the frradi-
ation effect to the wall surface and quarter wall thickness loca-
tions. With one exception the C, surveillance results proved
conservative where significant (>10°C) differences were observed;
predictions of the 41 | transition temperature were within 20°C,
The exception pertalns to the capsule SSC-i results for the forg~-
ing code K which underpredicted the in-wall transition temperature
elevation by 17°C,

2. The in-wall toughness gradient produced by irradiation, indexed to
the transition temperature, was small. The difference {in 41 J
temperature between wall surface and midthickness locations ranged
between 31°C (A 302-B plate) and 11°C (forging code MO). The
average difference for all materials, including the weld code R,
was 25°C.

3. 1In parallel with (2), the doubling of the fluence to the materialse
produced only a small additional 41 J temperature elevation in the
survelllance capsule frra!‘ations (S3C~2 vs. S°C-1.

4. The postirradiatioer 41 J temperature elevsiion i3 in close agree-
ment with *he 68 J and 0.89 mm transition temperature elevations

(within 14°C {n most cases.)

5. lrradiation sensitivire levals of the materia's arc in accord with
initial predictions ovased on materia’ coprar and nickel contents,

6. Tensile test findings support the notch ductility trend determi-
nations.

Additional observations pertaining to the weld code R and the A 302-B plate
are:

7. High radiation embritclement sensitivity was observed for the weld
code R which contained N0.23% Cu and 1.58% N{. The unusually high
level of sensitivity suggests contributions by two or more embrit-
tlement mechanisms, in addition to the normal {rradiation effect.
An independent contri‘ution of Ni to radiation sensitivity develop~-
ment and a time-at-temperature effect are currently suspect.

8. Capsule SSC-l results for weld code R significantly underpredicted

in-wall behavior. A time-at-temperature effect would explain this
finding.’
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9. The postirradiation 41 J temperature elevation for the weld code R
underpredicted the 68 J and 0.89 mm transition temperature eleva-
tions by as much as 36°C. Differences were due to a pronounced
modification of the shape of the brittle/ductile transition curve
by irradiation.

10. Postirradiation C, data for the A 302-B plate show an anomalous
difference traceable to specimen thickness location in the origi-
nal plate. The anomaly is most evident in the upper shelf tempera-
ture regime and with data from capsule SSC-l. Good properties

uniformity was observed in preirradiation (reference) condition
data, however.

Finally, the performance of a second set of experiments to exnllne ln*d;pth
embrittlement for lower fluences, i.e., less than 1 to 1.5 x 1019 n/em? on
the wall surface, may be warranted depending on future NRC needs for PTS
analyses.
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APPENDIX A
TABLES OF INDIVIDUAL CHARPY-V TEST RESULTS FROM PSF IRRADIATIONS
Table Page
A.l A 302-B Reference Plate (fode P23) ceceesscsscossssonsescsnse 82
As2 A 533-B Reference Plate (Codes 3PT, 3PU) eevescocccscacscsses 85
S=3 . - SENTINDEEY Poeging (Codn BN iseisvsvinnrnnsbavorsenssvitoiocs 83
Ash A 508-3 Forging (Code MD)ssessossevcescssessscensscsssnsesse 91
A.5 Submerged Arc Weld (Code EC)eeesseetocsssoassssnsassssssosee 94

A.6 submerged Arc Held (code R)..................’...........'.. q7
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APPENDIX A

Table A.1 Charpy-V Test Results for A302-B Plate (ASTM Reference)

(Code F23)
Specimen Test Charpy Lateral
Number Temperature Energy Expansion
i~ (°F) J (ft=1b) mm (mils)

Unirradiated Londition

Layer 1

6 =40 (=40) 9 (7) 0.102 ( 4)
23 -18 { Q) 33 (24) 0.483 (19)
43 -1 ( 30) 41 (30) 0.762 (30)
75 16 ( 60) 57 (42) 0.940 (37)
82 38 (100) 88 (65) 1.372 (54)
143 82 (180) 110 (81) 1.676 (66)
89 93 (200) 115 (85) 1.753 (69)
90 138 (280) 107 (79) 1.626 (64)
136 177 (350) 99 (73) 1.473 (58)
83 177 (350) 106 (78) 1.676 (66)
137 260 (500) 110 (81) 1.575 (62)
Layer 2

107 =40 (=40) 14 (10) 0.203 ( 8)
16 -1 ( 30) 45 (33) 0.762 (30)
168 21 ( 70) /1 {52) 1.168 {(s6)
68 Ja (100) 95 (70) 1.448 (57)
114 60 (140) 95 (70) 1.499 (59)
103 60 (140) 99 (73) 1.524 (60)
48 93 (200) 107 (79) 1.626 (64)
161 138 (280) 111 (82) 1.524 (60)
115 177 (350) 104 (77) 1.651 (65)
100 177 (350) 107 (79) 1.62u (54)
162 260 (500) 118 (87) 1.600 (63)

Capsule SSC-1

Group 1, Left

1 138 (280) 92 (68) 1.346  (53)
8 104  (220) 92 (68) 1.448  (57)
25 288 (550) 91 (67) 1.473  (58)
45 38  (100) 22 (16) 0.279 (11)
77 204  (400) 95 (70) 1.397  (55)
B4 88  (190) 47  (35) 0.711  (28)
91 71  (160) 41 (30) 0.686 (27)
138 99 (210) 99 (73) 1.346  (53)
Group 2, Right

11 204  (400) 76 (56) 1.168  (46)
18 82 (180) 41  (30) 0.635 (25)
50 104  (220) 66  (49) 1.041  (41)
70 149 (300) 77 (57) 1.168  (46)
102 110 (230) 77 (57) 1.194  (47)
116 54  (130) 27 (20) 0.381 (15)
163 288  (550) 73 (54) 1.270  (50)
170 10 ( 50) 11 ( 8) 0.076 ( 3)
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Table A.1 Continued

Specimen
Number

Test Charpy Lateral
Temperature Energy Expansion
y - (°F) J (ft-1b) om (mils)

Group 1, Left
22
42
74
81
88
142
76

Group 2, Right
15

47
67
99
106
113
120
167
101

Group 1, Left
2

9

19

71

78

85

139

Group 2, Right
12

19
64
96
103
110
117
164
17

Capsule SSC-2

116  (240) 83 (61) 1.295 (51)
288  (550) 79 ' (38) 1.448 (57)
104 (220) 73 (54) 1.194 (47)
204  (400) 72 (53) 1.194  (47)
88 (190) 38 (28) 0.584 (23)
66 (150) 22 (16) 0.381 (15)
154 (310) 73 (54) 1.219  (48)
204  (400) 65  (48) 1.143  (45)
93  (200) 42 (31) 0.762 (30)
104  (220) 65 (48) 1.168  (46)
154 (310) 73 (54) 1.168  (46)
77 {17C) 23 (17) 0.483 (19)
121 (250) 6 (56) 1.092 (43
288 £550) 73 (54) 1.295 (51)
24 ( 75) 7 { 3) 0.001 ( 3
46 (115) 18 (13) 0.254 (10)

Capsule Wall No. 1 (Surface)

149 (300) 85 (83 1.422 (36)
116  (240) 84 (67, 1.295 (51)
91  (195) 65 (48" —— -
102 (215) 81 (60) 1.295 (51)
204  (400) 91 (67) 1.372 (54)
88 (190) 46  (34) - -
66 (150) 33 (24) 0.483 (19)
49  (120) 23 (17) 0.584 (23)
204  (400) 7. {57) 1.245 (49)
93  (200) 53 (39) 0.838 (33)
71  (160) 46  (34) 0.711 (28)
154  (310) 76 (56) 1.219 (48)
77 (170) 49  (36) 0.838 (33)
121  (250) 73 (54) 1.194  (47)
60 (140) 31 (23) 0.457 (18)
21 ( 70) 15 (11) 0.178 ( 7)
43 (110) 18  (13) 0.381 (15)
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Table A.1 Continued

Specimen Test Charpy Lateral
Number Temperature Energy Expansion
b - (°F) J (ft=1b) mm (mils)
Capsule Wall No. 2 (Quarter T)
Group 1, Left
3 2 ¢ 33) 3 ( 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 71 (160) 47 (35) J.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)
97 71 (160) 43 {32) 0.737 (29)
104 127 (260) 73 (4) 1.270 (59)
118 54 (130) 42 (31) C.6190 (24}
165 288 £550) ” (52) 1.245 (49)
49 0 ( 50) 8 ( 6) 0.076 ( 3)
Capsule Wall No. 3 (Haif T)
Group 1, Left
4 121 (250) 84 (52) 1.499 (59)
Z1 60 {140) 52 (38) 0.914 (35)
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 77 (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 A.2 Charpy V Test Results for A 533-B (HSST 03) Plate
(Code 3PT, 3PU)

Specimen Test Charpy Lateral
Number Temperature Energy Expansion
< (°F) J (f£=1b) mm (mils)
Unirradiated Condition
Layer 2
3PT-16 -40 (-40) 3% € 11) 0.305 (12)
3PT-11 -12 ( 10) oL 2) 1.016 (40)
3PT-12 27 ( 80) 79 ( 58) 1.245 (49)
IPT~15 66 (150) 110 ( 81) 1.981 (78)
3rT-13 121 (250) 146 (108) 1.905 (73)
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-32 145 (300) 134 ( 99) 1.905 (75)
Layer 4
3¥T-217 -12 ( 10) 27 { 20) 0.635 (25)
3PT-28 27 { 80) 65 [ 48) 1.067 (42)
IPT-31 €6 (150) 115 ( 8S5) 1.727 (68)
3PT-29 121 £250) 159 (117) 2.184 (86)
3pT-30 204 (400) 146 (108) 2.235 (88)
Capsule S5C-1 (Code 3PU)
Group 1, Left
1 210 (410) 133 (98) 1.727 (68)
2 43 (110) 27 (20) 0.406 (16)
3 71 (160) 50 (37) 0.737 (29)
4 99 (210) 81 (60) 1.143 (45)
5 177 (350) 113 (83) 1.905 (75)
Group 2, Right
17 160 (320) 111 (82) 1.600 (63)
18 71  (160) 28 (21) 0.406 (16)
19 116 (240) 108 (80) 1.499 (59)
20 82 (180) 56 (41) 0.838 (33)
21 210 (410) 119 (88) 1.702 (67)

85



Table A.2 Continued

Specimen Test Charpy Lateral
Number Temperature Energy Expansion
*c (°F) J (ft=-1b) mm (mils)
Capsule SSC-2 (Code 3PT)
Group 1, Left
6 216 (420) 103 (76) 1.778 (70)
7 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)
b 149 (300) 103 (76) 1.626 (64)
25 106 (220) 49 (36) 0.889 (35)
26 216 (420) 110 (81) 1.823 (71>
Capsule Wall No. 1 (Surface) (Code 3PU)
Group 1, Left
6 154 (310) 108 (80) 1.651 (65)
7 77 (170) 50 (37) 0.737 (29)
8 93 (200) 64 (47) 0.889 (35
9 121 (250) 98 (72) 1.549 (61)
10 43 (110) 33 (24) 0.483 (19)
Group 2, Right
22 82 (180) 41 (30) 0.635 (25)
23 66 (150) 35 (26) 0.559 (22)
24 24 £ 713) 14 (10) 0.102 ( 4)
25 104 (220) 62 (46) 1.092 (43)
26 210 (410) 103 (76) 1.524 (60)
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Table A.2 Continued

Specimen
Number

Test Charpy Lateral
Temperature Energy Expansion
*c (°F) J (ft-1b) mm (mils)

Group 1, Left
11
|
13
14
15

Group 2, Right
27

28
29
30
31

Group 1, Left

LELIE U

Group 2, Right
17

18
19
20
21

Capsule Wall No. 2 (Quarter T) (Code 3PU)

210  (410) 127 (94) 1.753 (69)
43  (110) 22 (16) 0.483 (19)
71  (160) 65 (48) 1.041  (41)
93  (200) 69 (51) 1.143  (45)
66 (150) 41 (30) 0.660 (26)

149 (300) 87 (64) 1.499 (59)
56 (130) 24 (18) 0.406 (106)

116  (240) 98 (72) 1.575 (62)
8z (180) 50 (37) 0.686 (27)

177  (350) 06 (74) 1.676 (66)

Capsule Wall No. 3 (Half T) (Code 3PT)

204  (400C) 119 (88) 1.8%0  (74)
16 ( 60) 20 (15) 0.356  (14)
66  (15G) 54 (40) 0.838 (33)
93 (200) 92 (68) 1.549 (61)
56 (130 42 (31) 0.686 (27)

149  (300) 125  (92) 1.880 (74)
43 (110) 37 (27) 0.635 (25)

106  (220) 100 (74) 1.702  (67)
77  (170) 62  (46) 1.118  (44)

210 (410) 130 (96) 2.032 (80)
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Table A.3 22NiMoCr37 Forging

(Code K)
Specimen Test Charpy Lateral
Number Temperature Energy Expansion
°c (°F) J (ft=1b) mm (mils)

Unirradiated Condition

86 -68 (=90) 46 ( 34) 0.660 (26)
814 -68 (-90) 18 ( 13) 0.254 (10)
815 -59 (~75) 62 ( 46) 0.914 (36)
87 -57 (=70) 69 ( 51) 1.016 (40)
85 =40 (=40) 123 ( 92) 1.702 (67)
813 =40 (=40) 92 ( 68) 1.270 (50)
82 -23 (-10) 125 ( 92) 1.702 (67)
810 4 ( 40) 146 (108) 1.803 (71)
83 27 ( 80) 136 (100) 1.676 (66)
811 49 (120) 191 (141) 2.032 (80)
84 138 (280) 207 (153) 1.880 (74)
812 177 (350) 201 (148) 1.854 (73)
Capsule SSC-1

Group 1, Left

512 177 (350) 165 (122) 2.007 (79)
513 -7 ( 20) S . b 0.025 ¢ 1)
514 10 ( 50 9 ( 71) 1.270 (50)
99 p 5 | (160) 127 ( 94) 1.626 (64)
62 16 ( 60) 71 ( 52) 0.813 (32)
63 -12 ( 10) g ¢ -3 0,000 ( 0)
64 27 ( 80) 110 ( 81) 1.499 (59)
Group 2, Right

65 104 (220) 163 (120) 2.007 (79)
67 -7 ( 20) 54 ( 40) 0.711 (28)
515 49 (120) 106 ( 78) 1.372 (54)
610 27 ( 80) 91 ( 67) 1.168 (46)
611 -23 (-10) & ¢ 3 0.051 ( 2)
612 204 (400) 149 (110) 1.524 (60)
613 10 ( 50) 58 ( 43) 0.711 (28)




Table A.3 Continued

Specimen Test . Charpy Lateral
Number Temperature Energy Expansion
°c (°F) J (ft=1b) mm (mils)
Capsule SSC-2
Group 1, Left
614 177  (350) 137 (101) 1.778  (70)
72 71  (160) 81 ( 60) 1.016 (40)
74 32 ( 90) 62 ( 46) 0.838 (33)
75 49  (120) 24 ( 18) 0.559 (22)
76 16 ( 60) 22 ( 16) 0.279 (11)
Group 2, Right
93  (200) 98 ( 72) 1.372  (54)
710 43 (110) 68 ( 50) 0.838 (33)
711 66 (150) 84 ( 62) 1.143  (45)
73 38  (100) 43 ( 32) 0.533 (21)
712 116  (240) 141 (104) 1.219 (78)
713 24 (75) 5 ( 4) 0.000 ( 0)
714 210 (410) 133 ( 98) 1.95¢ (77)
715 138 (280) 136 (100) 1.829 (72)
Capsule Wall No. 1 (Surface)
Group 1, Left
410 88 (190) 106 ( 78) 1.600 (63)
411 21 ( 70) 69 ( 51) 0.705 (38)
412 66 (150) 87 ( 64) 1.245 (49)
414 10 ( 50) 38 ( 28) 0.432 (17)
415 93 (200) 146 (108) 2.057 (81)
52 -4 ( 25) 8 ( 6) 0.025 (1
Group 2, Right
53 54 (130) 62 ( 46) 0.864 (34)
54 43 (110) 73 ( 54) 1.016 (40)
55 71 (160) 125 ( 92) 1.702 (67)
413 -12 ( 10) - S 0.000 ( 0)
56 “ ( 40) 52 ( 38) 0.610 (24)
57 24 ( 75) 52 ( 38) 0.737 (29)
510 204 (400) 157 (116) 1.854 (73)
511 138 (280) 165 (122) 1.905 (75)




Table A.3 Continued

Specimen Test Charpy Lateral
Number Temperature Energy Expansion
‘c (°F) J (ft=1b) mm (mils)
Capsule Wall No. 2 rter T
Group 1, Left
36 138 (280) 157  (116) 1.753 (69)
37 -4 ( 25) 60 ( 44) 0.838 (33)
312 ~-18 ( 0) 19 ( 14) 0.203 ( 8)
313 16 ( 60) 5 ( &) 0.000 ( 0)
314 27 { 80) 66 ( 49) 0.940 (37)
Group 2, Right
315 93 (200) 149 (110) 1.753 (69)
42 71 (160) 81 ( 60) 1.168 (46)
43 -12 ( 10) 12 (9 0.076 (3)
311 43 (110) 103 ( 76) 1.524 (60)
44 24 { 75) 8 ( 6) 0.025 (1)
45 43 (110) 76  ( 56) 1.118 (44)
46 204 (400) 155  (114) 1.829 (72)
47 4 { 40) 56 ( 41) 0.787 (1)

Capsule Wall No. 3 (Half T)
Group 1, Left

24 177 (350) 157  (116) 1.829 (72)
25 -12 ( 10) 3. £ -3 0,000 (0)
26 4 ( 40) 54 ( 40) 0.711 (28)
210 -23 (=10) 45  ( 33) 0.584 (23)
211 -37 (=35) 4 (3 0.000 ( 0)
212 27 ( 80) 68 ( 50) 0.965 (38)
Group 2, Right
213 138 (280) 165 (122) 2.007 (79)
214 71 (160) 13 (99 1.702 (67)
215 -7 ( 20) 58 ( 43) 0.787 (31)
27 43 (110) 84 ( 62) 1.143 (45)
32 24 (75 81 ( 60) 1.270 (50)
33 ~-18 ( 0) 33 1 2) 0.406 (16)
34 204 (400) 171 (126) 1.549 (61)
35 4 ( 40) 39 (29 0.53 (21)




Table A.4 A 508-3 Forging

(Code MO)
Specimen Test Charpy Lateral
Number Temperature Energy Expansion
“ (*v) J (fr=1h) mm (mils)

Unirradiated Condition

Block e, Inside lqir
1 (250) 217 (160) 2.311 (91)

67 27 ( 80) 207 (15)) 2,362 (%))
68 4 ( 40) 142  (105) 1.85% (73)
69 -12 ( 10) 176 (130) 2.032 (80)
70 -29 (=20) 83 ( 61) 1.245 (49)
71 ~46 (=50) 57 ( 42) 0.813 (32)
72 -62 (~80) 19 ( 14) 0.305% (12)
Plock e, Outside !.5'
(-80) 42 ( 31) 0.635 (25)
74 4 ( 40) 142 (10%) 1.778 (70)
75 121 (250) 206 (152) 2.311 (91)
76 =12 ( 10) 119 ( 88) 1.600 (63)
77 -29 (=20) 127 ( 94) 1.702 (67)
78 ~46 (=50 65 ( 48) 0.914 (36)
79 -18 ( 0) 102 (7% 1.499 (59)
80 3 (100) 231 (1) 2.337 (%)
Block e, Inside layer
~18 ( 0) 113 ( 8)) 1.626 (64)
82 288  (550) 244  (180) 2.083 (82)
84 288 (550) 283 20N 1.803 (71)
capsule SSC-1
Group l! Left
=1 ( 30) 171 (1is) 2.007 (79)
02 0 =29 (=20) 125 (92, 1.651  (65)
03 0 -46 (~50) 16 (12 0.203 ( 8)
04 0 =40 (=40) 22 ( 16) 0.25% (10)
05 0 54 (130) 209  (154) 2.286 (90)

Gr
T“m_l&m =40 (~40) el ( 45) 0.787 (1)

07 0 16 ( 0) s6  ( 41) 0.813 (32)
08 0 1 ( 0) 68 ( 50) 0.965 (39)
09 b “40 (=40) 75 (5%) 1,041  (41)
10 1 4 ( 40) 140 (103) 1.753  (69)
1 1 6 ( 40) 129 (9% 1.702  (67)
12 1 18 ( O 88 ( 65) 1.245  (49)
13 1 121 (') 201 (146) 2.210 (87)

& Forging Layer: outrlide
b porging Layer: ineide



Table A.4 Continued

Specimen Test Charpy Lateral
Number Temperature Energy Expansion
‘c (°F) J (ft=1b) mm (mils)

Capsule SSC-2€
Groug l. Left

0 4 ( 40) 79 ( 58) 1.219 (48)
54 0 -12 ( 10) 81 ( 60) 1.295 (51)
. 1< 0 93 (200) 198 (146) 2.235 (88)
57 1 21 ( 70) 117 ( 86) 1.803 (71)
Group 2, Right

1 49 (120) 146 (108) 1.981 (78)
59 1 -18 ( 0) 22 ( 16) 0.305 (12)
60 1 16 ( 60) 106 ( 78) 1.600 (63)
62 I 49 (120) 164 (121) 2.286 (90)
63 1 127 (260) 202 (149) 2,311 (91)
64 1 -1 ( 30) 73 ( 54) 1.118 (44)
65 1 =23 (=10) 37 ( 27) 0.508 (20)

Capsule Wall No. 1 (Surface)

Group 1, Left
14 -29 (=20) 4] ( 30) 0.559 (22)

1

16 1 116 (240) 212 (156) 2.057 (81)
17 0 4 ( 40) 133 ( 98) 1.803 (71)
18 0 =40 (=40) 18 ( 13) 0.254 (10)
Group 2, Right

19 0 121 (250) 225 (166) 2.134 (84)
20 0 ~18 ( 0) 80 ( 59) 1.245 (49)
21 0 =40 (=40) 18 ( 13) 0.356 (14)
22 0 21 ( 70) 157 (116) 2.108 (83)
23 0 49 (120) 188 (139) 2.3%7 (92)
25 1 -1 ( 30) 9 (73) 1.397 (55)
26 1 =23 ( 10) 62 ( 46) 0.940 (37)

€ All specimens from block g except specimen no. 65 which is from block e



Table A.4 Cootinued

——

Specimen Test Charpy Lateral
Number Temperature Energy Expansion
" (°F) J (ft-1b) mm (mils)

Capsule Wall No. 2 (Quarter T)

Group 1, Left

28 I =23 (-10) 57 ( 42) 0.889 (35)
29 I 4 ( 40) 117 ( 86) 1.702 (67)
30 I 21 ( 70) 174 (128) 1.803 (71)
31 I 116  (240) 228  (168) 2.032 (80)
Group 2, Right

32 I =40 (-40) 24 ( 18) 0.406  (16)
33 0 -18. ( 0) 76 ( 56) 1.143  (45)
34 0 44 (120) 198  (146) 2.286 (S0)
35 0 =40  (-40) 46 ( 34) 0.635 (25)
36 0 =1 ( 30) 117 ( 86) 1.778 (70)
37 0 =51 (-60) 8 ( 6) 0.102 ( 4)
39 0 121 (250) 233 (172) 2.210 (87

Capsule Wall No. 3 (Half T)

Group 1, Left

40 0 =43 (=45) 30 ( 22) 0.660 (26)
41 I -29 (=20) 65 ( 48) 1.194 (47)
43 121 (250) 220 (162) 2.007 (79)
44 1 21 { 70) i55 (114) 2.108 (83)
Group 2, Right

45 4 { 40) 103 ( 76) 1.600 (63)
46 1 -18 ( 0) 18 ( 13) 0.330 (13)
L7 i 49 (120) 171 (126) 2.310 (91)
48 1 =40 (-40) 54 ( 40) 0.838 (33)
49 0 -1 { 30) 76 ( 56) 1.245 (49)
51 0 -18 ( O) 85 ( 63) 1,321 (52)
52 0 121 (259 201 (148) 2.311 (91)
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Table A.5 Submerged Arc Weld

(Code EC)
Specimen Test Charpy Lateral
Number Temperature Energy Expansion
b > (°F) J (ft=1b) om (mils)
Unirradiated Condition
NRL Tests -46 (-50) 24 (18) 0.330 (13)
-18 ( 0) 45 (33) 0.389 (35)
-18 ( 0) 34 (25) 0.660 (26)
16 ( 60) 75 (55) 1.372 (54)
16 ( 60) 62 (46) 1.194 (47)
66 (150) 87 (64) 1.600 (63)
66 (150) 89 (66) 1.778 (70)
177 (350) 92 (68) 1.727 (68)
177 (350) 91 (67) 1.753 (69)
Westinghouse -59 (=75) 14 (10)
Tests -39 (=75) 24 (18)
=26 {=15) 35 (26)
-26 £=13) 42 (31)
-] ( 30) 42 (31)
=1 ( 30) 45 (33)
-3 ( 30) 56 (41)
~1 ( 30) 58 (43)
24 ( 75) 68 (50)
49 (120) 80 (59)
49 (120) 88 (65)
99 (210) 84 (62)
99 (210) 91 (67)
149 (300) 92 (68)
149 (300) 92 (68)
Capsule SSC-1
Group 1, Left
EC-1 27 ( 80) 24 (18) 0.305 (12)
EC-2 116 (240) 61 (45) 0.889 (35)
EC-3 71 (160) 34 (25) 0.508 (20)
EC-4 99 (210) 46 (34) 0.737 (29)
EC-5 88 (190) 38 (28) 0.584 (23)
EC-6 177 (350) 54 (40) 0.914 (36)
Group 2, Right
EC-7 43 (110) 30 (22) 0.457 (18)
EC-8 138 (280) 58 (43) 0.965 (38)
EC~9 82 (180) 37 (27) 0.610 (24)
EC-10 204 (400) 60 (44) 1.016 (40)
EC-11 110 (230) 53 (39) 0.940 (37)
EC-12 -18 (D) 12 (9 0.102 ( 4)
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Table A.5 Continued

Specimen Test Charpy Lateral
Number Temperature Energy Expansion
c (°F) J (ft-1b) mm (mils)

Capsule SSC-2

Group 1, Left

49 204  (400) 47 (35) 1.016  (40)
50 288 (550) 68 (50) 1.067 (42)
51 121 (250) 46 (34) 0.813 (32)
52 93  (200) 38 (28) 0.483 (19)
53 171 (340) 50 (37) 0.914 (36)
54 288 (550) 46 (34) 0.965 (38)

Group 2, Right

55 49  (120) 24 (18) 0.381 (15)
56 138 (280) 49 (36) 0.889 (35)
57 82 (180) 33 (24) 0.559 (22)
58 204  (400) 54 (40) 0.991 (39)
59 104  (220) 41 (30) 0.737 (29)
60 116  (240) 52 (38) 0.965 (38)

Capsule Wall No. 1 (Surface)

Group 1, Left

13 204  (400) 58 (43) 1.041  (41)
14 288 (550) 57 (42) 1.041  (41)
15 138  (280) 49 (36) 0.914  (36)
16 93 (200) 41 (30) 0.635 (25)
17 49  (120) 24 (18) 0.330 (13)
18 110  (230) 54 (40) 0.889 (35)

Group 2, Right

19 4 ( 40) 11 ( 8) 0.203 ( 8)
20 110 (230) 54 (40) 0.965 (38)
21 71 (160) 31 (23) 0.483 (19)
22 204  (400) 52 (38) 0.991 (39)
23 116  (240) 52 (38) 0.864 (34)
24 88 (190) 31 (23) 0.508 (20)
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Table A.5 Continued

Specimen Test Charpy Lateral
Number Temperature Energy Expansion

°c (°F) J  (ft-1b) mm (mils)

Capsule Wall No. 2 (Quarter T)
Group 1, Left
25 49 (120) 28 (21) 0.406 (16)
26 110 (230) 52 (38) 0.914 (36)
27 66 (150) 35 (26) 0.610 (24)
28 93 (200) 50 (37) 0.762 (30)
29 82 (180) 46 (34) 0.762 (30)
30 160 (320) 60 (44) 1.092 (43)
Group 2, Right
31 4 ( 40) 11 ( 8) 0.127 ( 5)
32 27 ( 80) 24 (18) 0.356 (14)
33 88 (190) 38 (28) 0.610 (24)
34 71 (160) 46 (34) 0.711 (28)
35 204 (400) 58 (43) 1.041 (41)
36 116 (240) 65 (48) 1.016 (40)

Capsule Wall No. 3 (Half T)

Group 1, Left
37 49 (120) 30 (22) 0.457 (18)
38 143 (290) 53 (39) 0.965 (38)
39 77 (170) 45 (33) 0.711 (28)
40 93 (200) 42 (31) 0.737 (29)
41 138 (280) 56 (41) 1.041 (41)
42 204 (400) 57 (42) 1.143 (45)
Group 2, Right
43 27 ( 80) 22 (16) 0.381 (15)
44 93 (200) 50 (37) 0.864 (34)
45 71 (160) 46 (34) 0.508 (20)
46 204 (400) 62 (46) 1.092 (43)
47 116 (240) 49 (36) 0.889 (35)
48 54 (130) 33 (24) 0.508 (20)
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Table A.6 Submerged Arc Weld
(Code R)

Specimen Test Charpy Lateral
Number Temperature Energy Expansion
y (°F) J (ft-1b) am (mils)

Unirradiated Condition

(-148) 7

(=146) 2

(=130) 14

(-130) 34

(-112

(~112) 37

( =-94) 84

( -76) 92

( =76) 87
-40)

( =40) 4

( =4)

t  *8)

( 32)

( 104)

(=148)

(=130)

(-112)

(-112)

(-112)

(=130)

-94)

PN PN N PN NN PN N PN N PN P
Pt bt B e e e s
« ® o s »

Lo

(-

\
(

Capsule SSC-1

Group 1, Left

(290)
(380)
(200)
(450)
(500)
(350)

Group 2, Right

8 (400)
9 (280)
11 (340)
12 (500)
13 (220)
14 (270)




Table A.6 Continued

Specimen Test Charpy Lateral
Number Temperature Energy Expansion
*c (°F) J (ft=1b) mm (mils)

Capsule SSC-2

Group 1, Left

31 243 (470) 53 (39) 0.711  (28)
32 149 (300) 19 (14) 0.279  (11)
33 204 (400) 38 (28) —— (=)
34 232 (450) 46  (34) 0.711  (28)
36 260  (500) 54 (40) 0.762  (30)
37 177 (350) 24 (18) 0.279  (11)
Group 2, Right

38 93  (200) 11 ( 8) 0.127  ( 5)
39 188  (370) 27 (20) 0.559  (22)
41 210  (410) 41 (30) 0.610  (24)
42 260  (500) 57 (42) 0.864  (34)
43 138 (280) 19 (14) 0.203  ( 8)
44 288  (550) 57  (42) 0.914  (36)

Capsule Wall No. 1 (Surface)

Group 1, Left

46 221  (430) 52 (38) 0.559 (22)
4 288  (550) 68 (50) 0.813 (32)
48 204 (400) 33 (24) 0.483 (19)
49 232 (450) 54 (40) 0.610 (24)
51 260 (500) 54 (40) 0.813 (32)
52 182  (360) 28 (21) 0.279 (11)

Group 2, Right

53 99 (210) 5 (4) 0.000 (0)
54 204 (400) 43 (32) 0.513 (21)
56 216  (420) 45 (33) 0.508 (20)
57 260 (500) 54 (40) 0.559 (22)
58 138  (280) 19 (14) 0.203 1)
59 288 (550) 68 (50) 0.864 (34)

8Not determined
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Table A.6 Continued

Specimen Test Charpy Lateral
Number Temperature Energy Ex.pansion
i (°F) 3 (ft=1b) mm (mils)

Capsule Wall No. 2 (Quarter T)

Group 1, Left

16 160 (320) 30 (22) 0.432 (17)
17 199 (390) 66  (49) 0.940 (37)
18 288 (550) 69 (51) 1.118 (44)
19 227 (440) 68 (50) 0.940 (37)
21 260 (500) 73 (54) 1.041 (41)
22 177 (350) 42 (31) 0.610 (24)

Group 2, Right

23 204 (400) 64 (47) 0.838 (33)
24 138 (280) 26 (19) 0.279 (11)
26 171 (340) 31 (23) 0.406 (16)
27 260 (500) 68 (50) 1.118 (44)
28 99 (210) 18 (13) 0.229 (9
29 188 (370) 49  (36) 0.635 (25)

Capsule Wall No. 3 (Half T)

Group 1, Left

68 260 (500) 84 (62) 1.143 (45)
69 193 (380) 60  (44) 0.914 (36)
71 143 (290) 30 (22) 0.406 (16)
72 227  (440) 79  (58) 1.016 (40)
74 182  (360) 41  (30) 0.610 (24)
Group 2, Right

76 204  (400) 73 (54) 1.041 (41)
77 138  (280) 39 (29) 0.457 (18)
78 171 (340) 54  (40) 0.711 (28)
79 260  (500) 76  (56) 1.346 (53)
81 154 (310) 37 (27) 0.457 (18)
82 99 (210) 22 (16) N G

aNot determined
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Figure
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APPENDIX B

ILLUSTRATIONS OF CHARPY-V LATERAL EXPANSION TEST RESULTS
FROM PSF IRRADIATIONS

Charpy-V lateral expansion measurements for the A 302-B
reference plate before and after irradiaticn in capsule

Ssc—l.................-..............‘.....'.......'.'.'..

Charpy-V lateral expansion measurements for the A 302~B
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