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NOTICE

This res, s prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, or any of their
employees, makes any warranty, expressed or implied, or assumes any legal liability of re- |

sponsibility for any third party's use, or the results of such use, of any information, apparatus, I
.

product or process disclosed in this report, or represents that its use by such third party would
not infringe privately owned rights.
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ABSTRACT

The Light Water Reactor-Pressure Vessel Surveillance Dosimetry Improvement
Program of the Nuclear Regulatory Commission (NRC) has irradiated mechanical
property test specimens of several steels in a pressure vessel wall / thermal
shield mock-up facility. The investigation is part of a broad NRC ef fort
to develop key neutron physics-dosimetry-metallurgy correlations for making
highly accurate projections of radiation-induced embrittlement to reactor
vessels. The steels studied represent a wide ranga of radiation embrittle-
ment sensitivities and include plates, forgings and submerged are weld de-
posits (two each).

l
'

This report presents notch ductility and tensile properties information
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 illustrate 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 transition 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 indications. 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 trends 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 st..ceptibility to long ters time-at-
temperature effects.

Candidate areas for future research study are indicated.
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1. INTRODUCTION
i

One objective of the Light Water Reactor-Pressure Vessel (LWR-PV) Sur- !

veillance Dosimetry Improvement Progran established by the Nuclear Regula- ;

tory Commission (NRC), is the development of key information for the accur- i

ate projection of radiation-induced mechanical properties changes in reac- |

tor vessel ws11s (Refs. 1,2). The total effort represents a multi-labora- ;

tory program with international participation. MgA 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 i

determinations were for two reference plates irradiated in the form of
Charpy-V (C ), compact tension (CT) and tension (1) test specimens. They 1

plates are known as the ASTM A 302-3 Correlation-Monitor Plate and the !

Heavy Section Steel Technology (HSST) Program A 533-3 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 parallet fracture ~[
toughness determinations. That is, only Cy and T specimens of these
materials were irradiated. For slep11 city and because of testing schedules,
the results were not included in the initial report. The present report,
on the other hand, provides a complete compilation of C and T data fory ,

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 I

study through-wall toughness gradients produced by 288'c irradiation and I

to determine the relative irradiation effect at surveillance capsule vs.
in-wall locations. Additionally, the study we designed to explore the h
correspondence of Cy and CT fracture toughness test methods in their L

|Independent descriptions of radiation-induced embrittlement for the reac-
tor service case. Six materials (steel plates, forgings, and submerged arc |weld depostes) were provided by U.S.A. and overseas laboratories. As will '

he evident here, the seterials represent a broad range of. radiation embritt- i

lesent sensitivities.
[
t

Typically, the task of mechanical properties prediction for vessels reduces
Ito three key components: proper and accurate definition of the neutron

field, accurate projection of field attenuation to and through the vessel
wall, and proper estimation of the steel's response to the local neutron
field. For the conduct of through-us11 neutron dostmetry investigations
and for through-ws11 neutron exposures of mechanical test specimens, a1

i pressure vessel mock-up was constructed for the Program at the Oak Ridge
| Research Reactor (ORR). The facility, known as tha Pool Side Factitty
! (PSF), sisulates a large segment of a reactor thereal shield and vessel

| well (Ref. 2). Here, specimens can be irradiated in ~ sealed capsules under
; closely controlled temperature conditions at steulated surveillance and

,

j through-ws11 locations. :

! i

Figures 1 and 2 are scheestic illustratione showing the spattet relation i
ship of the PSF to the ORA fuel core and the locations of individual cap = 1
sute assemblies. Note that the simulated surveillance capsules are post- |;

! ;
<;

k

i

!

!
- - _ - - _ _ - - - _ _ - - _ _ _ _ - - - - - _ - _ - - - - _ - - _ _ - - _ _ - - _ _
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Fig. 2 Schematic illustration of the PSF F4ellity
showing the locations of the specimen e4peulee in
nieulated surveillance and through-wdll Arradiation
locatione.4
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ttoned at the thermal ehtold on the side awy f rom the core aitd that the
w11 capsules are placed in cayitles in the vessel elaulator itnelf. In
the present set of experimente, specimen temperatures typically were held
within 100C of the target exposure temperature of 2880C. (For additional |

dotatte of the PSF pertinent to the specimen irradiatione, see Ref. 3.) :

To d4to five capsulee have been irradiated (Ref. 6) with the goal of !

developing physice doelmetry-metallurgy correlations. Two of the capsules
(designated 55C-1 and 55C-2) respectively deplet survettlance capsules
taken f rom a pressurteed wter tvector plant af ter about 13 years and 30
years of operatton, t.o., at plant mid-Itto and at plant end-of-11fe. The

]
remaining three capsules (Wa11-1, 2 and 3) represent vesset surf ace (OT),

.

'

quarter wit thicknome (1/47) and half w11 thicknese (1/27) locattone.
The lead f actor, t.o., the r4tto of neutron flun levele betwen the survett- |
lance capeule location and the wall surf ace location, we about eight for the '

j p4rticular PSF configuration used.

2. MATEMIAl.8

The materiale investigated are identified by type, suppiter, heat treatment
condition and intclat yield strength level in Table 1. 74ble 2 linte the
matert41 compositions. The A 302=8 plate (Code F23) has seen entenetvo 1

use in reactor veneet survettlance applic4tione and in test reactor studies
: (Note. 4,1). The A $11-8 plate (Coden IPS, 3PT and 3 PU) has been app 1ted
;

as a ref erefice matert41 10 the Ifiternational Atomic Energy Agency's co* [

ordinated program on the beh4vior of advanced redctor preneurs vessel [

] eteels under neutron irradt4tton (Ref. 8). the respective platen are L

< considered repreevnt4tive of early vessel manufacture and more recent ;

i vessel fabrication. The submerged are wid, Code KC, has been studied
'

extensively by programe At the Naval Reevarch 1.abordtory (Nht.) and at
i Westinghouse (Nuciver Technology Divieton) under the eponsorehlp of the
1 Electric Powr Research Institute (EPRI) (gefe. 9, 10). A signitteant

: amount of irradiation embrittlement data thus wre preentetent for these
i three materiate. I,ees entensive data wre available for the rem 4tning

enterlate at the beginning of the Program.

In Table 2, the a4terials are seen to dif fer conalderably in their respec-
tive contente of copper (an impurity) and nienet (an alloying ele **nt). A

high copper content in pressure veneet steels in known to be detrimental
to radt4tton embrittlement resistance at 244*C (Ref.11). For new roertor
vessels, a copper content less than 0.101 Cu la now generally spectfled.
Nickel 411oying in amounts of 0.4% Nt or more h4e been found to reinforce

,

or magnify the deleterious ef fect of a high copper content (Net.12). A
'

phosphorus content in amounts of 0.010% or more alen has been shown h4rmful
to radiation reetetencel the machentes for its contribution to radiation
sonettivity le dif ferent f rom that of copper (Ref. 11). In the present
study, the phoephorus contente of the ein a4teriale are wesentially the
same, ranging fros 0.007 to 0.0114. Accordingly, phosphorus would not be 4 ,

factor in enterlate verteblitty here.
,

'

3. SPECtHKN$

8tand4rd,Cy specimene ( AlfM Type A) and 4.52 mm diameter tenaton speelmans
wre used for making the notch ductility and tensile strength deteristn4* '

tiene. The respective specimen designe are tilustrated in ying. 1 and 4.
3
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Specimen blanks wrv removed from the A 302-B plato and the A 508-3 forging
in t wo layers spanning the quarter thicknoen plane and from the A 533-!!
plate in four layern spanning thin plano. Blankn of the 22NtHoCr37 forging

wru removed in eight layern betwcn the one-eighth thicknese and one-half
thicknese planen. In the caso of the wlds, the blanka wru taken through
the wld depoett thickneen oxecpt for 4 12.7 mm thtek exclueton region
adjacout to the wldmont (ooter) nurfacon.

Tho speetmene of the A 533-8 plato and the 22NtPoCr37 forgica wro ortcnted
in the tranevorno ( T t. , wak) directioni those of the A 302-8 plate and the
A 506-3 f orging wrc ortcnted in the longitudinal (1.T ntrong) orientation.
Current ly, t he '11. ortontation les that spretfled for reactor vennel survoll-
lance progreme (Ref. I' ) . The decteton to use the I.T orientation for the
A 302-r, mator t41 hero was to avoid 4 potentt41 problem in pontirradiation
analynce etewning from the relatively low, protrradiation Cy upper shelf
level ( ~ 6HJ) of the wak orientation. The roanon(n) for the nupplicr's
nelvet ton of the I.T orientation for the A 508-3 f orging, on the other hand,

in unknown. Untree.ilated condition dat4 developed by the nupplier indt-
cates a clogo etmtlartty in propcrtice of hT and TI, orient 4t tone, howvor

(Hof. 15). Specimene of the wlds wro reaoved in a manner pl4cing their
long axle perpendicular to the wlding dircet ton and parallcl to the wid-
mont morface. For C specimene, the W notch wt* placed in the face perpen-y
dicular to the materi4l surface. Mcfore trradiation, cluso fitting shroude
wrp placed over the gago nection of tha tenelle upcctmene to old boat
transfer and to 4td the uniformity of neutron flux conditionn throughout
the irradi4 tion e4paulo.

4. HAfMMIAl. INMAblATION

Capsule construction, irrddlation and dieneecmbly operatione wro con-
ducted by the Oak Ridge Nstion41 1,4boratory (OHNh) for the NRC. primary
respone thlitty f or neut ron doetmetry and fluento deterretnatione in shared
by OMNb and HtDh.

The irradiation historten and target fluence conditionn of the ftvo cdp-
entee aro numen t r i r ed in Table 3. The unposure timo of capsulv $5C-1
we 4d just cil to provide 4 fluence matching th4t of the W411-2 e4peulo
located in the quarter wll thicknamn poettion. Tho vnposure timo of
capuoln 55C-2 win almilarly adjusted to matrh its flucoce against that of
the W411-1 capoula located at the wil inner nurfaca. The W411-1, W4tt-2
and Wall-3 capsules w r* trr4diated nimultannously and wre caponed for
the sama tima partod. In turn, the sprc44 in fluences betwen theme cap-
eulce eheuld ref tert norm 41 flun 4ttenu4t ton conditione through 4 vcenot

thlebn===.

Fluenta determin4ttone are not yet available for capsulo 'INC-2 or for the
three in ws11 (4pealem. For capsulo tL % C - 1, prailminary fluence data dro
sv4tl4hlu as indicate.l in a later opetton. From thono reunits, fluenen
vet tattne wre made 4. necp=*4ry.

l
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TABt.E 3. Capsule Irradiation Conditions

.

Capsule PSP t.ocation Irradiation Time MW llours Target Neutron
No. (llours at Power) Exposure F1gence(n/cm ,E > 1 HeV)

SSC-1 Thermal Shield 1,291 32,000 3 x 1019

SSC-2 Thermal Shield 2.845 64,700 ~ 6 x 1019

Wall-1 Simulator 18,748 430,000* ~6 x 1019
' (Surface, OT)

' x 1019Wa11-2 Simulator 18,748 430,000 -

(Quarter T)

Wa11-3 Simulator 18,748 430,000 ~1 5 x 1019

* Approximate

The specimen and material contents of the capsules are indicated schematic-
ally in Pigs. 5 to 9. Each asterial was assigned a specif te code number
(see Table 1). For instance, code F23 (dentifies the A 302-8 plate. The
code numbers of the A 533-8 plate are, in f act, code identifications carried
over from the sectioning of the original plate (Ref. 5). In the case of
the code K satorial, the prefix to the specimen consecutive number indicates
the particular layer f rom which the specimen came in the forging, e.g.,
specimens 65 and 610 were from layer no. 6.

Irradiation temperatures for all specimens are assumed to be 2880C for
this report. It should be obvious from the capsule loadings that neutron
exposure dif ferences did arise between specimen groups as a normal result
of flux gradients across the capsule f ace and because the Cy and tensile
specimens were placed two layers deep within the capsule. Note that, for
a given material, the sano specimen locations were reserved in all five
capsules.

5. CHARPV-V ASSESSMENTS
!

5.1 Procedure

Tests were performed on two impact test machines verified for accuracy
against cattbration standards supplied by the Army Haterials and Hochantes
Research Center (AMMRC). One machine located at the Naval Research L. abor-
story was used for pretrradiation condition (reference) tests and for tests
of the capsule 85C-1 specimens. In the case of the weld code R pretrradt-
ation data of the supplier (Ref. 16) wre used for pre postirradiation
comparisons. A second tester, located at the Nuclear Science and Technology i

Facility at the State Univoretty of New York (SUNY) at Buf falo we employed )
1

8

l
|
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for the balance of the C specimens. The SSC-2, Wall-1, Wall-2 and Wall-3y
specimens were tested concurrently.i

Specimen energy absorption 'and lateral expansion were determined in each
4 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 C 41 J temperature was used as the primaryy
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

4

A 302-B and A 533-B reference plates from Reference 3 are repeated here in
the interests of consistency and completeness.

5 2 Unitradiated Condition

! In Figure 10, good agreement in C properties between layer 1 and layer 2y

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

i temperature is -4 C (250F); the upper shelf energy level taken at 260*C is
,

108 J (80 f t-lb). Tests of the A 533-B plate (Fig. 11) showed a comparable
transition temperature, -10C (300F), but a much higher upper shelf energy

, level,150 J (111 ft-lb). Good agreement of properties between specimen
layers is also found for this material. In 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).

I

Figure 13 compares notch ductility determinations made by NRL and by the e

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
i type and makes the indexing of 41 J and 68 J temperatures dif ficult. For |'

the irradiated condition average transition behavior was usually estimated
i 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 deposit 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 af ter welding, not just stress-relief-annealed
as was the case with the weld code EC.

(Text resumes on page 52.)

! 14'

,

,

- , _ - ,- y--- .



- .. . - _ -- = --

.

80 0 80 eso 24 0 320 400 480 560 t*n
i , i i i i .i i

ASTM A302-8 REF. PL ATE
' * * '

- !

(LT ORIENTATON:1/4T LOCATION) }
. 20

0 L AYE R I
O L AYER 2 g2

g
-

g# *2
$ 0

.0 ..
- 40

5 . /m
-

.
+

0 ' ' ' ' ' ' '' '0 0, , i i i i i

15 0 - en T-Q
U'

,

o L AYER I ''
e

12 0 - 0 LAMR 2 -

O g

Q

" ~ |[o
O 100 J - 80

@,

-

2 O

i 60 -
- 40

30 -
.

O' ' ' ' ' ' ' IO
O-40 0 40 80 12 0 #60 200 24 0 280 ('Cl

TEh8PER ATURE

,

Fig. 10 Charpy-V notch ductility of the A 302-B ref-
erence plate before irradiation. Specimens. were
selected at random from the total specimen complement.
fabricated for'the study. The vertical arrows on the
abscissa show the 41 J, 68 J or 0.89 m.o transition
te=peratures.

;

4

9

15

- .



.

-so o so iso 24 0 32o 400 440 (*n
_

i i i i i i i ;
etems
-HSST A 533- B PL ATE 03

- '2030 - (SECTIONS 3PT, 3PU; TL ORIENTATION )

-

o L AYER 2
o LATER 3g O

E 20 - O LAYER 4 ?- - 80o
0'3PO

z o
2 a
O _

-

$ o

eO
- 40

.a

' 3Pu .

' ' ' ' ' ' ' ' 0O
1 I i 1 i I i

_

(J) f

18 0 I
l1/4 T -

a%
'~

O
~

3- ISO J,

O LATER 2 0 - 3 PO ~

0 L ATER 3
O L AYER 4

90

$ o
~

60
- 40

0

30 2
-

t
gj , .___1.__ _ . k I i t a i i t o

d 40 0 40 80 42 0 16o 200 240 (*O
itWP(RefuR(

}

Fig. 11 Charpy-V notch ductility of the A 533-B ref-
erence plate (HSST Program Plate 03) before irradiat-
ion. Sections 3PT and 3PU were adjoining blocks (152
x 152 mm x full thickness, each) in the main plate.

f

i

16
i-
!



.

!

-60 0 -50 0 50 10 0 15 0 200 (*C)i i i i i i

FORGING (CODE K)

(JNIRRADIATED

oNRL

(*)
(mm)ge>

i;i 80 - o -- re - 2
5 *,

a o o
-

.

i
g 40 -

ti
- I

'
-

.

o
' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' '0

(f t-lb)- (J)

- 18 0
120-

o
- o

$
80-

- 12 0

w o
J

40-- 60
o

-

| o

I''0 ' ''
' ' ' ' ' ' ' ' ' '

-16 0 -80 0 80 160 240 320 400 ('F) O
|

TEMPERATURE
r

l

!

Fig. 12 Charpy-V notch ductility of the 22NiMoCr37
i forging before irradiation (KFA, supplier). All

specimens for this determination were from layer 8 in!

I

the forging ( 1/2T location).

17

__



,. - . . -. . . -

-150 -10 0 -50 0 50 100 150 200 (*C)
* I i i i i i

A508-3 FORGING (CODE MO) g3

(fi-Ib)
~

UNIRR AOIATED . f .-o - - - -
-240

160- A MOL- SHELL A / o
'"'1

$o~- v MOL-SHELL B ! ~ ~ ~ ~ - -
' o NRL- BLOCK 1, LAYER 1(IN)

NRL- BLOCK I, LAYER 2(OUT) / /- o

/ - 18 0o

120- / /

'$
~

o /I /
/ /

g _ / / -12 0W
.

/ /
-

~

- | /
/-

! - 6040-
| o|

1
<

_
/

. /
,

' I '' l I ' I I r 1 i I i t i iO i

-240 -160 -80 0 80 160 240 320 ('F)
TEMPERATURE

i

i
'

Fig. 13 Charpy-V notch ductility of the A 508-3 forg-
. ing before irradiation (C.E.N./S.C.K., supplier).

-

Good agreement between test results developed indepen-,

i dently by . C.E.N. ' and ~ NRL laboratories is' observed.

i

|

i

'

5

:
6

J

..

i

'18'

-.

<

$ ;] y' c Nu



. _ _ __

|

|

|

TEMPERATURE (F)

0 100 200 300 400 500*

1 I I I I I

MRTERIRL CODE - F23 - 120
150 OO UNIRRADIRTED

e SSC-1 (LEFT)
E SSC-1 (RIGHT) - 100 m

.o
^ 120 -

O
~

D LEER ,O n see Jo - 80
$ - I T e s4 J.

|[.5, i. hhkf b'$h,if'$*f' - fbh '5 $ } -
~

. 60a y - - . m
z

d 60 - 5 "
40 >

-
-

U
78C BBC

30 -

- 20

' ' ' ' ' '0 O
-50 0 50 100 150 200 250

TEMPERRTURE (C)

i

Fig. 14 Charpy-V notch ductility of the A 302-B plate
before and after irradiation in capsule SSC-1. The
vertical arrows on the abscissa in this and subse-
quent figuies point to 41 J transition temperatures.

i

i

i

I
.

| 19
'

1

!
. . - .- .



. - =. . _ . . . . - _ - . _

TEMPERATURE (F)

0 100 200 300 400 500
t i i e i i

MRTERIRL CODE - F23 - 120

i. 150 _Y SSC-2 (LEFT)
V SSC-2 (RIGHT)

- 100 n

j m
~~

120 - UNIRRRDIRTED SSC-1^

/ / 10e J [2
/

-- 80 +
y. -

0
,

'
- , y.,- '.,c,-- .w - .1 g gg . ,

,'' ,,I'.h:::
',';;.5, . k)??'''Ni$.Sl

'

60 $
' ' 'y * *

'

73 , h- y
,

,,

u - , y
"

$ 60 -
;

- 40 >
u,,

30 - 94C[( - 20'./,
I' ' ' ' ' '

O O,

-50 0 50 100- ISO 200 250 -

'

TEMPERATURE (C)

!

| Fig. 15 Charpy-V notch ductility of the A 302-B plate
before and after irradiation in capsule SSC-2..

j
!

t

5

i

! i

',

'

I

!
!

,

L

.,
|

.

20
1

..

T @



_ . _ . - . _ . . . _ . . _ . = . . _

.

d-'

TEMPERATURE (F)
0 100 200 300 400 500
s i i i

NRTERIAL CODE.- F23
- 120

150 E ' H R Ll_ _I (LEFT)
O WRLL-1 (RIGHT),

- 100 ,,
.o^ 120 UNIRRADIRTED SSC-1

-
~~

'

/ # '"

b
- 80

1'
m - 90 -

'j ':Y ''' '-'-' - E.7' >w -: E .' i. - ' of j eb f6
^

'"O
_ gg

E
., u

Zd 60 -
- " '

CP
- 40 >

GGlC
30 -

- 20

' ' ' ' ' '0
O! -50 0 50 100 150 200 250

-

TEMPERATURE (C)

.

, Fig. 16 Charpy-V notch ductility of the A 302-B plate -i
before and af ter irradiation in capsule Wall-1.

.

B

Y

1

21

. .. . - . . . . .



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

TEMPERATURE (F)
;

I O 100 200 300 400 500
i i i i i i

s

MRTERIRL CODE - F23 - 120
9 HRLL-2 (LEFT)150
O WRLL-2 (RIGHT)

- 100 ,

n ,

Q 120 - UNIRRADIRTED SSC-1 T
*

/ h tes J - 80 C-

w>-,

0
g 90 - g=pyj. { {$] Q j$y, ;,,,,,, ,, y g

||f. . . . . 2... . . . . -
. .. w - e- 60 m,

-

-

.z.

" o o o y) .;

IS ' 'j d 60 -

/a - 40 >

#e u
,

67C ,- ,

i 30 - gp - 20
,

;

' ' ' ' '
O O

! -50 0 50 100 150 200 250

TEMPERATURE CC)

I.
i Fig. 17 Charpy-V notch ductility of the A 302-B plate
I before and after irradiation in capsule Wall-2.

i
1
:

I
4

f I

!
'

|

f
r

d

I

i

|

l

!

22

t,

!

!

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



._-

|
|

| \

i

|

r

! TEMPERATURE (F)

0 100 200 300 400 500
I I I I i i

NRTERIRL CODE - F23 120..

150 A WRLL-3 (LEFT)
A WRLL-3 (RIGHT)

i - 100 m

f' ^ 120 - UNIRRADIATED SSC-1 ~

D / ( tes J - 80
>- -
0 J
g 90 -

Agj} pip;,-y,fg|[[<jj3 fy,$,';j qJ ,, y g
:u A- 60z ; -,;._.. . . . m .

*' z.

d 60 - d W
/ - 40 >

,' O

.

30 -

. - 20;
.

' ' ' ' ' '0 O
-50 0 50 100 150 200 250

! TEMPERATURE (C)
i

'

Fig, 18 Charpy-V notch ductility of the A 302-B plate
before and after irradiation in capsule Wall-3.

:
\

!

$

i

,

|

!

23.
!

|

'

i
'*



._ _. _ _ _ m ._ _. _.

i

b

TEMPERRTURE (F)

0 100 200 300 400 500
i i i i i

MRTERIRL CODES - 3PT, 3PU - 140
a 180 000 UNIRRADIRTED"
, e SSC-1 (LEFT)*

- 120'

150 -
4 SSC-1 (RIGHT)a O ,n 150 Jo 0 .a

h LRYER Q* e -

100 3
>. 120 - 1 4>

115 J# 3

@ T $ 9' - 80 3y 3 4 e
6 90 - T $

.
-

o - 60 z
! > u .I O

|
| 60 -

$ - 40
a

SIC| *) 3PT30 - + a) 3PU - 20:

i

| 'I ' ' ' '0 O
-50 0 50 100 150 200 250

TEMPERRTURE (C)
4

!.

i
i Fig. 19 Charpy-V notch ductility of the A 533-B plate
I before and after irradiation in capsule SSC-1.

|
,

!
!
'

.

F

!-
'

24

_ -. . . _ , , . .-



. - - - .-

1

I

i !

TEMPERATURE (F)
'

O 100 200~ 300 400 500
e i 4 i i I

'
MRTERIRL CODE -~3PT

k

- 140
180 - V BSC-2 (LEFT)

! V SSC-2 (RIGHT) UNIRRADIATED

150 - /
- 120

I n
150 J ga

h - 100 I
i w *

SSC-1 +~

$4 " Vm 106 J
- 80 >.w v v e/ m6 90 -

/
- 60_ , ,- >

v /60 -

/ - 40 u
>

,

8

- V
8tC "

30 -
- 20

f

b ' I ' ' ' '0 O
-50 0 50 100 150 200 250

TEMPERATURE (C)

Fig. 20 Charpy-V notch ductility of the A 533-B plate
before and af ter irradiation in capsule SSC-2.

;

|

i
I

L

l

!
|

|
l

.

L 25.

!

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



. _ _ _ _ _ _ _ _ .

TEMPERRTURE (F)
t

8 100 200 300 400 500

i i i i i i

MRTERIRL CODE - 3PU - 140
100 A HALL-1 (LEFT)

A HRLL-1 (RIGHT) UNIR DIATED . 120

150 - 150 J m
-

n 100 g-

3
f -I 1 I

t >. 12 0 -

c* -

80
'

e - >.106 Ja: a ow
$6 90 -i

- 60 z
w>

U
60 - A >

- 40 u

30 - - 20

h i i i i i i 00
-50 0 50 100 150 200 250

TEMPERP '')

I

]

, Fig. 21 Charpy-V notch ductility of the. ~33-B plate
before and after irradiation in capsule E -1.

!

|

1

f

26

,

, -



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

TEMPERATURE (F)

0 100 200 300 400 500
I I I I L i

MATERIRL CODE - 3PU - 140
180 - e HALL-2 (LEFT)

O HRLL-2 (RIGHT) UNIR'4RDIRTED

150 - /
- 120

150 J 2
D - 100 I
>. 12 0 - SSC-1 e g
o -

m -----7 - 80 3
LJ O e
d 90 - g g

- 60 z
3 U'u

60 - */ - 40 v
>

SSC
30 -

- 20

b ' I ' ' ' I0 g
-50 0 508 100 150 200 250

TEMPERRTURE (C)

Fig. 22 Charpy-V notch ductility of the A 533-B plate
before and after irradiation in capsule Wall-2.

27



. _ .

.

TEMPERATURE (F)

0 100 200 300 400 500
i i i i i i

MRTERIRL CODE - 3PT - 140
100 - A HALL-3 (LEFT)

A HALL-3 (RIGHT) UNIFRRDIATED 120-

150 - 150 J 2
h - 100 g

~

125 3^
. i p0 - , :

\ - 80 3
\ c

6 90 - [ SSC-1 6
- 60 z

> La
U

60 -

- 40
53C

30 -

- 20

b E ' ' ' '0 O
-50 0 50 100 150 200 250

TEMPERATURE (C)

Fig. 23 Charpy-V notch ductility of the A 533-B plate
before and after irradiation in capsule Wall-3.

28

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



. . _ ~ .-. - - - . - _-- - .=. . ..-. - - . _ - . - --

l
TEMPERATURE (F)

-100 0 100 200 300 400
*

i i i s : a

200MATERIAL CODE - K -

250 -

,

O UNIRRADIATED (NRL)
<

S SSC-1 (LEFT)
y 283J - 150 3

200 - 3 SSC-1 (RIGHT) 8

.
.
h en
*

" * 16BJb E >-
at 15E - O 100 Ef O -

,.

m. Ea 100 .

O U

-

>*;

508 -

50 - _ 61 C E

I| , , , ,. , . ,
0
-100 -50 0 50 100 150 200

TEMPERATURE (C)
,

4

Fig. 24 Charpy-V notch ductility of the 22NiMoCr37
forging before and af ter irradiation in capsule SSC-1.

.

;

i

7

|

!

|

I

|

29

-. . --. . - - - ..



_ _ _ _ _ _ _ - _ - - _ _ _ _ _ ___

T

4

I
|

.

i

1 '

i TEMPERRTURE (F) |
1

i

j -100 0 100 200 300 400
i i i i i i

,

NATERIRL CODE - K - 200
<

250 -

. V SSC-2 (LEFT)
! UNIRRADIATEC
| V SSC-2 (RIGHT) I,

| 200 - r 150 g |203J -
,

% I
; w +a
'

SSC-1 *
D ISDJ

~ ,

'

E 150 g ;
-

W 7 " " ;T 135J - 100 a,

w
) g
;-

u
> w

,

100 -

> i
i U !

i, , 50-

94 Ct 50 -

t -= 7

i /: . -
' ' Y ' ' ' 'I O O i

! -100 -50 0 50 123 150 200

', TEMPERRTURE (C)
? i*

,1 i
i

!

i f

j Fig. 25 Charpy-V notch ductility of the 22NiMoCr37
i - forging before and af ter irradiation in capsule SSC-2.
1 ii '

i
f

i
,

i
1

!

i
!
;

J

$
i
I
a

j

i

i

|
i
!

1

-

1

J- - 30 I

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



_ _ _ - _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _,

,

|

1TEMPERATUNC (T)

-100 0 199 298 300 400 !

i 1 i ;

NATERIAL CODE -K 20e .-

l

250 t-
,

5 WR.L I (LETT) ||
l

] O W4LL 1 (RIGHT) UNIRRflD! HIED
,

.
- 283J 150 mi 200 |

-

-

SSC-1 b! U
/

l+
n w

g 150
, gggy ;

1

gd -

f le0 a-
,

ga
' SSC-2u 100 -

u
,i

.) E 50a |
-

) 50 -

_ 72 C
>

-

[.-
, , , t. , , , , ,,

-100 -50 e 58 ISO 150 200
j

.
TEMPERATURC (C)

t

|

1 Fig. 26 Charpy-V notch ductility of the 22NiMoCr37
! forging before and after irradiation in capsule
! Wall-1.
)

i
i
f I

|
; i
!

'
.

|

L

I

31

.

| -

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



TEMPERHTURE (F)

-100 0 100 200 300 400

i I i i i 1

MATERIA CODE - K - 200

250 -

G WHLL 2 (LEFT)

O hhLL 2 (NIGHT) llN!WNtilllillt D ,,

200 - - - J" 'l ISO ?-

U O

jitic- 1 !,
.e' ' ~ ~ 6 15 ti Jo -

-- 100

> w
v tea - O ,

u

gO - 50
sg -

_
?u C ._| |

*

7
{! , *

,.o , , , ia 0
-100 -50 0 50 100 150 20J

1

TEMPERATURE (C) |
|
1

Fig. 27 Charpy-V notch ductility of the 22NiMoCr37
forging before and after irradiation in capsule
Wall-2.

32



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

T EMi't: Nil f uRL: ( 5- )

-101 il lifel J610 ;l (161 40.1
r i r -T l '-~~~ i

~~

Mf4 TE.Rif)L C0!ll! - K .. 200

250
A HetLL -3 (t iT T )

A hett.L -J' (Wlotf) LINIRRHD!ttil D

200 . , . .

- - - ~ ~ - ?OJJ - l bli 3
,

ei ",- ,

tibC - I ..' -

,3,. ,,/ _ [_ .s - ,
*

A. i i> u -

*',s', p-A 1b6 / y
n,w ' ,

*: /, -A, I L'O is

/ // V!*
G% i / -

' //'' 10J / r/ .-
s/ h' h

; // V n0
'

DO . 3 G Q'. ,

,y F J3 C

/|
'

- I 1.L.M .! i t i i
_ gO

-100 -50 0 50 100 IS6) J00

f t.M''t.kHillNt: (C)

Fig. 28 Charpy-V notch ductility of the 22NIMoCr37
forging before and after irradiation in capsule
Wall-3.

|

1

1

33
i



TEMPERfiTORC (F)

-200 -100 0 100 200 300 400
i i i i i i

MATERIAL CODC - MO 200-

LMPW9010ii ce

G SSC-1 (LETT)

e SSC-1 (RIGHT) /

150 5*
_ 200 - a -'

b', ~
G

/ r,150 -

100--

Y/"
)

)u gga . ,
u

50e -

'/~50 -

70 C e Lil F IG.11
/

' ' ' ' ' '
0 O
-150 -100 -50 0 50 100 150 200

TEMPERftTURC (C)

Fig. 29 Charpy-V notch duct ility of the A 508-3 f org-
ing before and after irradiation in capsulo SSC-1.

..

34



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

TEMPERATURC (F)

-288 -188 8 ISS 288 388 I30+

! i i i i i i
' MATERIAL CODC - NO 288-

258- -

T SSc-2 (LCFT3 tm!M0!flifD
.

!

v sac-a <ntcHi> / .

~

,
'

ISS Q"ISS -; Ent! *-.
n p<

I e *
,

/ / ,iS8 -

188--

: // :4 ,

//u ggg .
,
"

/ /'
4

50.

//_58 -.

i '/ $ ,c3

i, i , , , , ,
-

; ,, ,
t -158 -888 -58 8 58 ISS ISO 288 *

'

TCMPCRATURC (C)
i

,

|
<

i Fig. 30 Charpy-V notch ductitity of the A 508-3 forg-
,

| ing before and af ter irradiation in capsule SSC-2.
,. .

I

'

i
i

|

i

.

1

|

|

!

|

|
|

s s a

.

35

4 ,

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



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

_

<..

'

TEMPCRMTURC (F),

-288 -lee e ''tes f 2es 300 400
-

, e .

I I I I I i i,
e~. ' ,

NATERIAL CODE - MO 200-

|
' ' ~ 258 - ,,# UNIRRADIRTED5 HALL-1 (lETT) !-.

,

.,

,' O hfy'.L-1 (AICHT) U 219J. ,
,- _

" ,
- - 289 150 g- -o

_ 0 D' \ssc-2 1
'

' ' . . ,

i, , j g:

] . -

/ / t
' ,

59 -

,{/. '
- les o;c

,
'

,

/ y-
,

>< W
/ /

1 u tea -

>i u
| 5e-

/Sei
' '

-

1 25 C
! [
; , 1, !- , , , , , , ,
| -150 -190 -50 0 Se les 158 200,

t

r e. TEMPERATURC (C).> '
!<

.>
!./- / ,

/*4, .,;--
p

|| J/ Fig. 3D Charpy-V notch daet flity of the A 508-3 forg-
' ~~ ing befdre rand af ter irradiation in capsule Wall-1.
< ~ -

I

. /

/' ( '

,
1 #

, e

N~
.

$ 4

? , -

f$ 0

, s ' h
'

',

'f*'
T ,

. .s

t >
3 .

Yr ,

l
' '

; ;-

. .

/ ' |. *

7 r
s . e e- *

$ $ h

/ ,

\s r ~} |

'

i- v i* 36.
;, ,

i ,.. *
. < s ,

' # ,

< ,,. ,

a %
,

, . _ . _ . -_- -a_ , ~ ~ ~ - - - - - ' '



, _ . _ . . .

"$*

. - -

1

.
,

i

IN.
*

|.

1
'

, : 2 .. ,

^0 TEMPERATURE (F)
3. %

,

-200 -100 0 100 200 300 400
e i i . i- 1 i

'

,- MATERIRL CODE - MO - 200
WIM RDIATED250 - *

-
1 6 WK1.-2,(LEFT) / ,f 2331

O HAL!.-2 (RIGHT) [/ ,

w 200. -''T o - 150 g-

\.1 ,

SSC-2 &
*

I,,

> , -
o,

u' 150 - >-a o
W ~\ [

- 100 mz :,

y*
<

'

> u

./ /u 100 - \'
>g.

. - * u

!* 50; -

s -

/*- 50- -

J- 20 C

}.
. /.-

. .

't

_ 0 -'I ' ' ' ' ') ' 0,,

2 ,0 ' O SO 100 150 200--150 -100' 5., s
n. ' 3 q , . ,

- ,~, + .
' + TEMPERATURE (C)' s .

% a.
, >.

,, ~
3.<

I s.g ,e .,

g y
-}

.

Fig. e!'!? CharppV noicl> dVctility of the A 508-3 forg-i ~

''5 ing liethre ane af ter irradiabion in capsule Wall-2.
> .s--

5
._N

,

>(- 't.

- s 3
L

I'
i g

% 'N 3 (f e- m.

,.%~
., ;,\- . ,

d -* 4.w
.\.

I $h ~4

's ,
,

E % '
( 't *s.

w *

'eA
, g .

P, !/ ' e
g

g,
'

N' .s
, ,

,

~'
,

. y s,

- ,

.
' \

/
$

5

t

, .

E"
'

. ' ). b

(s . , a.'- , I.' " <

''
,'3b,

'

./ N .
'

,
. #n.. .. n -r- f.

[ \ ?< . , ' 1' , .,
_

+
- ,,

-:
,- , i , v- s ., t r



- . . ..

TEMPERATURE (F)

-200 -100 0 100 200 300 400
e i i a i i

NATERIRL CODE - NO - 200
i 250 -

UNIRRADIATED'

A MLL-3 (LEFT)

A MLL-3 (RIGHT) A
,

200 - A - 150 go

U
\ssc-2 L

>. I *
,,,

E 150 - / / >-
E - 100 E

// $
"
> w4 .

f/u ggg _

,
u

! - 50
50 - /

14 C/ A
l' ' ' ' ' ''0 O

-150 -100 -50 0 50 100 150 200

TEMPERATURE (C)

i

i

iFig. 33 Charpy-V notch ductility of the A 508-3 forg- |ing before and af ter irradiation in capsule Wall-3. I

,

|

|

i

38

.

m , - , - * w



-

!

|

I

TEMPERATURE (F)

-100 0 100 200 300 400 500
i i e i i i i

NRTERIRL CODE - EC

160 - 0 UNIRRADIATED (NRL) - 120

O UNIRRADIATED (H)

ha' S SSC-1 (LEFT)
- 100

w
120 5 SSC-1 (RIGHT) {

*

u - 60 "

E >-

E n M 92J PRIOR TEST S
y/. ' ' 80 -

o gc REr.9 3 - s0
U 70J

2 58J $* "

!97 C
40 - O - f' 100 C

20-

0 3

' ' ' OII ' ' '0 O
-100 -50 0 50 100 150 200 250

. TEMPERATURE (C)

Fig. 34 Charpy-V notch ductility of the submerged
arc weld code EC before and after irradiation in
capsule SSC-1.

!

39

i



- ._ . ___ -

TEMPERATURE (F)

-100 0 100 200 300 400 500
1 i i i e i i

MRTERIAL CODE - EC

160 - 7 SSC-2 (LEFT) ~ I20
i

V SSC-k (RIGHT)
'

4
- 100 3

T120 -
**

*

$ UNIRRADIATED - 80
+
*

2
>-y - 92J @

'

"
80 -

>
- 60 $

u w,

SSC-1 Y
>

58J - up
V 7 50J

_ 4g,

119 c y ,40, -

- 20
t

' ' ' ' ' '0.
O

-100 -50 0 50 100 150 200 250

TEMPERATURE (C)

Fig. 35 Charpy-V notch ductility of the submerged
are weld code EC before and after irradiation in<

capsule SSC-2.

;

i

:

f .

I

40

t

I

I
..- .. . _ _ .



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

TEMPERATURE (F)

-100 0 100 200 300 400 500
s a i s i #

MRTERIRL CODE - EC

160 - E HRLL-1 (LEFT)
- 120

D HRLL-1 (RIGHT) _
- 100 m

,

b s

120 - g-

> - 80 *

E UNIRRADIRTED y
92J @y -

80 -
- 60 $W

SSC-1u 7
5 58J "

- 5 4 J "- 40
E

40 -
I14 C _

20-
.,

i I I I If I I rg 0
-100 -50 0 50 100 150 200 250

TEMPERATURE (C)4

i

Fig. 36 Charpy-V notch ductility of the submerged
arc weld code' EC before and after irradiation in

j capsule Wall-1.
!
:

'
,

!

,

;

l

.

41-

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



TEMPERATURE (F)

|-100 0 100 200 300 400 500 )

i I I I I I i

11RTERIRL CODE - EC

160 - 9 HALL-2 (LEFT) - 120

0 WRLL-2 (RIGHT)
,

,
- 100 m

- 120 - fx
@ UNIRRADIATED

- se -

y

@ - 92J @"
00 - - 60 W

3 W
O >? O 5BJ u

4g_

94 c 0
40 - -

SSc-1
- 20

/

' ' ' ' ' ' '0 O
-100 -50 0 50 100 150 200 250

TEMPERATURE (C)

Fig. 37 Charpy-V notch ductility of the submerged
are weld code EC before and after irradiation in
capsule Wall-2.

,

8

i

I

I

)

42

1

I

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



. - --. . . . . . . . .

TEMPERATURE (F)
.

-100 0 100 200 .300 400 500

i i i i i i

-MRTERIAL CODE - EC

160 - A WRLL-3 (LEFT)
- 120'

A HALL-3 (RIGHT) ,

100 g-

,

% I
120 - gw

,

i > - 80 *

E UNIRRADIATED >-

! y - 92J @
g-

- 6080
uj ,

5BJ
_ 4g1 u-

,

"" # ' fj 40 -- :

\SSC-1 20-

'

/
i Ii i I i e i Ig _g

! -100 -50 0 50 100 150 200 250
1

i TEMPERATURE (C)
'

i
4

i

Fig. 38 Charpy-V notch ductility of the submerged
arc weld code EC before and after irradiation. in
capsule Wall-3.

I
i
1

l
.

1

i

;

i

i ,

t
i

I

<

43

.. -- . - -



. - _ . . - _ _ .

TEMPERATURE (F)

! -200 -100 0 100 200 300 400 500
i e i a i i i

MATERIAL CODE - R - 200
250 -

10.OUNIRRADIATED '

(SUPPLIER DATA)
n

200 9 SSC-1 (LEFT) - 150 g,

h I~
E SSC-1 (RIGHT) 178J g

gi -

m: 150 -

g
N

p
- 100 m:/

$ ! o/ $u 100 -

90J $
u,

50-

50 - f 222 C
?

wnl i i e i li ' 'g O
-150 -100 -50 0 50 100 150 200 250

TEMPERRTURE (C)

Fig. 39 Charpy-V notch ductility of the submerged I

arc weld code R before and after irradiation in
capsule SSC-1.4

.i |

|

I

!
'

l

!

i

I'

1

|

|

44

|

I

. - - - - --



.. .. .

TEMPERATURE (F)

-200 -100 0 100 200 300 400 500
i i i i 6 i

MRTERIRL CODE - R - 200-

250 --

Y SSC-2 (LEFT)

V SSC-2 (RIGHT)1 ,

200 - - 150 g,

h UNIRRADIATED I
*

178J $,

g- o

a 150 - g
E 7 - 100 m>

f/ Ww*

/ O>
100 - [/

u j SSC-1 3
90J u

50 - [7/ 289 C
_

/// /
/

i I r i t i e ilg 0
-150 -100 -50 0 50 100 150 200 250

TEMPERATURE (C)

s

i

Fig. 40 Charpy-V notch ductility of the submerged
arc weld code R before and after irradiation in-

capsule SSC-2.

T

$

r

;

h
!

r
i

! 45
l-

|
,.

.

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



- . ..

!' TEMPERATURE (F)

-200 -100 0 100 200 300 400 500
i .: i i i i i

MATERIRL CODE - R - 200

250 -

E WALL-1 (LEFT)

O WRLL-1 (RIGHT) ,

, 200 -
- ISO f I

% UNIRRRDIRTED
1783 % j

*

~

u

$ 7 gm 150 -

100 m-

f/ W"
/ w>

u ggg _ / p fssc-1 3

! / 5- 50,

50 - / _/ 286 C -

7 SSC-2

I i e # il iig g
-150 -100 -50 0 50 100 150 200 250

TEMPERATURE (C)

Fig. 41 Charpy-V notch ductility of the submerged
arc weld code R before and after irradiation in
capsule Wall-1.

i

1

I

I
!

1

l
i

46

t



|

|
i

|

TEMPERATURE (F)

-200 -100 0 100 200 300 400 500
I I I I I i i i

NRTERIAL CODE - R - 200
250 -

9 WRLL-2 (LETT)
I O WRLL-2 (RIGHT)

. - 150 m2gg
. Q UNIRRADIATED T
| 178J $

*

$ "

g 150 7 g-

| 2 f - 100 a:
| / W

"
/t > w

| u ggg _

/ / SsC_l

! / e 0 4 50
50 - / / ass c

_

I

Of| W|
i t i i i i I e ig g

-150 -100 -50 0 50 100 150 200 250

TEMPERATURE (C)

Fig. 42 Charpy-V notch ductility of the submerged,

'

arc weld code R before and after irradiation in
; capsule Wall-2.

,

|

|

I
|

|

|

!

I
,

:

!
i

47

t--' +^d- **r rr +- *v - F "-4 --*- - ~T



_ _ .

e

i

TEMPERATURE (F)

-200 -100 0 100 200 300 400 500
a i i i i

MRTERIRL CODE - R - 200
250 -

A HALL-3 (LEFT)

A HALL-3 (RIGHT)
n

. Egg - - 150 m
% UNIRRADIRTED T*

178J &ti -

2 150 -

7 g$ 100 mf -

/ggg _ / SSC-1
u

>

/ / $88J
50-

50 - / / 239 C

| h
i i e i e il e ig g

-150 -100 -50 0 50 100 150 200 250,

TEMPERATURE (C)

4

Fig. 43 Charpy-V notch ductility of the subtne rged
;arc weld code R before and after irradiation in i

capsule Wall-3.
< 1

!

l
|

I

|

48

i
|

. _ _ ..-, - - ~



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

Tchts 4 Sumary of Oburvations on Notch Ductility cf A 302-B Plata

Irradiation Fluence Transition Temp Irradiation Increase Upper Shelf IrradiationCapsule Estimatea (eC)
2 (A*C) Level Decrease(x10I9n/cm ) 41 J 68 J 0.89 mm 41 J 68 J 0.89 m:n J m:n U Aun

Unitradiated - -4 21 7 108 1.60 - -
- - -

SSC-1 (Left) 74 93 91 78 72 83 94 1.37 14 0.23
-

(Right) 82 104 102 86 83 94 77 1.17 31 0.43
-

(Avg) 2.79 78 99 97 82 78 89 86 1.27 23 0.33
SSC-2 ~5.4 90 104 99 94 83 92 75 1.19 33 0.41
Wa11-1 -5 .4 77 96 90 81 75 83 80 1.30 28 0.33
Wall-2 -2.8 63 85 74 67 64 67 81 1.32 27 0.28
Wall-3 -1.4 46 77 63 50 56 56 81 1.42 27 0.18

$ Table 5. Suznary of Observations on Notch Ductility of A 533-B Plate

Irradiation Fluence Transition Temp Irradiation Increase Upper Shelf IrradiationCapsule Estimatea (*C) ( L*C) Level Decrease(x10I9n/cm ) 41 J 68 J 0.89 m:n 41 J 68 J 0.89 m:n J m:n U Amn
2

Unitradiated - -1 24 13 - - - 150 2.18 - -

SSC-1 2.55 60 88 82 61 64 69 115 1.68 35 0.50
SSC-2 -5.0 80 107 99 81 83 86 106 1.73 44 0.45

Wall-1 -5.0 74 102 93 75 78 80 106 1.60 44 0.58

Wall-2 -2.5 68 93 85 69 69 72 b 1,68 b 0.50
Wall-3 -1.3 52 79 66 53 55 53 125 1.93 25 0.25

a Fluence > 1 MeV b Not established because of data scatter

_ - - _ _ _ _ - _ - _ .
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Table 6 Summary of Observations on Notch Duett 11ty of Forging Code K

| Irradiation Fluence Transition Temp Irradiation Increase Upper Shelf Irradiation
Capsule Estimatea (*C) (a*C) Level Decrease

(x1019n/cm2) 41 J 68 J 0.59 mm 41 J 68 J 0.89 mm J mm M Amm

-65 -57 -59 - - - 203 1.93Untrradiated - --

SSC-1 1.66 -4 4 7 61 61 66 160 1.98 43 (+0.05)

SSC-2 - 3 .2 29 49 49 94 106 108 135 1.88 68 0.05

Wall-1 - 3 .2 7 29 24 72 86 83 161 1.93 42 0.00

W11-2 - 1.7 -13 -24 -24 -78 -81 -83 156 1.78 47 0.15

Wall-3 -0.8 --9 -13 -10 -56 -70 -69 164 1.90 39 0.03

a Fluence, E > 1 NY

y Table 7. Summary of Observations on Notch Ductility of Forging Code to

Irradiation Fluence Transition Temp Irradiation Increase Upper Shelf Irradiation

capsule Estimatea (*C) (a*C) Level Decrease

(ut019n/cm ) 41 J 68 J 0.89 mm 41 J 68 J 0.89 mm J mm M tam2

- - - -212 2.34-54 -34 -45 - -

thirradiated -

SSC-1 1.81 -34 -26 -29 -20 8 16 -205 2.23 -7 0.10

SSC-2 - 3 .5 -15 -1 -6 39 33 39 ~201 2.29 -11 0.05

Wall-1 - 3 .5 -29 -18 -20 25 16 25 219 2.16 (+)7 0.18 I

Wall-2 - 1.8 -34 -20 -26 20 14 19 233 2.18 (+)22 0.16

WII-3 -0.9 -40 -20 -34 14 14 11 -211 2.26 -0 0.08

i

a Fluence E > 1 NV

|
1
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l.
Tabla 8 Susunary af Obserrtions on Notch Ductility cf Weld Code EC

I
l

Isradiattoo 71uenes Tran:1 tion Temp Irradiation Incrocae Upper Shelf IrradictionCapsula Estimatea (*C) (A*C) Level Decrease(x1019a/cm2) 41 J 68 J 0.89 nun 41 J 68 J 0.89 nun J mm M tam|

!

cairradiated - -18 21 -9 - - - 92 1.75 - -

550-1 1.17 90 b ggo g r,3 _b 319 58 0 .'; 4 34 0.11
SSC-2 -3.5 101 b gg3 gg9 _b .g22 $o o,94 42 a.79
W-11-1 -3.5 96 b g13 gi4 _b 122 54 0.96 38 0.79|

,

Eall-2 - 1.8 76 b go5 94 _b 14 58 1.04 34 0.71
Eall-3 -0.9 71 105 89- -114 58 1.09 34 0.66

-

i

i,
BSR-12C 0.81 79 104 99 97 83 108 70 0.99 22 0.76

l

a Fluence. E > 1 &V b Not established C NRL-EPRI experiment (Ref. 9)
~

Table 9. t = =ry of Observations on Notch Ductility of Weld Code R

Irradiatica Fluence Transition Temp Irradiation Increase Upper Shelf IrradiationCapsule Estimatea (*C) (A*C) Level Decrease(x1019a/cm2) 41 J 68 J 0.89 mm 41 J 68 J 1.89 are J nra M tam

Unfrradiated - -79 -68 -73 - - - 178 1.80 - -
i

i ssc-1 2.68 143 ISS 185 222 256 258 90 1.22 88 0.58|

SSC-2 -5.2 210 h b 289 -b __b 57 0.87 121 0.93
Wall-1 -5 .2 207 b _b 286 b _b 54c 0.84 124 0.96

; Ea11-2 -2.7 177 210d 205 256 278d 278- 69 1.09 109 0.71

Ea11-3 - 1.4 160 199 194 239 267 267 80 1.09 98 0.71

| a Fluence. E > g my b Not established C Value at 260*C d Approximate

i
l

!

i

_ -
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5.3 Simulated Surveillance capsules

Data for capsules SSC-1 and SSC-2 are presented in Figs. 14 and 15 (A 302-B'

plate, code F23), Figs. 19 and 20 (A 533-B plate, codes 3PT, 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 lef t 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 SSC-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%. The
fluence variation between two materials however, was higher in many cases.
For example, the variation between the forging code K and the A 302-B plate

1was 40%.

In Fig.14, specimens of the A 302-8 plate contained in the lef t compartment
of capsule SSC-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
dissimilarities but may be some unknown reflection of the specimen locations
in the parent plate. Specimens forming group I were from plate thickr.ess
layer 1 only; specimens forming group 2 were f rom plate thickness 2 only.
In Fig. 10, unitradiated condition tests of these twc 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 dif ference 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 SSC-1, intermediate#

! with capsule Wall-2 and umall for capsules SSC-2, Wall-1 and Wall-3. In

the discussion of data which follows, average properties are assumed for
the A 302-B material unless noted otherwise.

I From the aggregate capsule SSC-1 results, very large matcrial-to-material
differences in radiation embrittlement sensitivity are apparent. Taking
fluence dissimilarities into account, the materials rank by their sensitiv-

ity, i.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
SSC-2 data; some differences in relative sensitivity were observed as
discussed below.

As expected, the A 302-B plate showed a greater embrittlement sensitivity
than the A 533-B plate. The greater radiation effect to the former is
consistent with its higher copper content (0.21% vs. 0.12% Cu) and its some-
what higher fluence. The low sensitivity of the forging code M0 is a
manifestation of its low copper content (0.05% Cu), its low phonphorus con-
tent (0.008% p) and, in the opinion of the authors, its prior forging )

! (metal working) hintory. The high and very high radiation embrittlement '

i
.
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Table 10. Fluence Exposures of Mhterials in Capsule SSC-1

Average Fluence 41 J Temperature Sensitivity
Nhterial Fluencea Variationb Increase Ranking

19 /cm2) (%) (a*C)
' (x 10 n

A 302-B Plate 2.79 7.0 82 3-
(Code F23) *

A 533-B Plate 2.55 10 .1 61 5
(Codes 3PT, 3PU)

Ferging 1.66 14.5 61 4
(Code K)

Ferging 1.81 3.9 20 6
(Code MD) (lowest)

Wald 1.77 8.8 108 2
(Code EC)-

1 Wald 2.68 9J 222 1

(Code R) (highest)

,

a Fluence, E > 1 MeV [Ref.18] b (1 - minimum / maximum) at 100

i

i

:

!

I

l

|
|
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!

!
!
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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 syne r-
gism between nickel and copper in radiation sensitivity development wherein
the former in amounts of 0.4% or more reinforces the detrimental effect of4

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 materials are comparable. Their difference in fluence

19 19 2(1.66 x 10 vs. 2.M x 10 n/cm ) must be considered in weighing their
irradiation responses (equal 41 J temperature elevations).

On balance, the SSC-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 sensiti.v-
ity has been observed before, but in another weld composition; i.e., a

! filler metal for NiCrMo (Ref. 7).

A-second primary observation f rom the capsule SSC-1 vs. capsule SSC-2 data
i is that the doubling of the fluence exposure of the materials produced

only a small, in many cases negligible, additional 41 J temperature ele-
J 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 11 '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
f rom layer 8 only were provided to MEA for making preirradiation determi-'

through-thickness notchnations. Thus, the existance (or absence) of a )
ductility gradient (which would have an impac' on the " measured" 41 J tem- j
perature elevations), could not be shown. For L te case of a gradient, layer

7 would normally have a higher transition tem erature than layers closer
,

i to the surface of the forging. For weld cue R, the 41 J temperature
elevation for specimens from capsule SSC-2 was 67'C or 30% higher than that
for capsule SSC-1. The percentage difference is about the same as that
observed for the A 533-B plate (33%). 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 SSC-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
in-core trend. Additionally, the small dif ference in irradiation ef fect
found between the SSC-1 and SSC-2 tests is predicted well by the data trend. |

Not shown an in-core, 288'C irradiation test of the A 533-B plate at ,

19 n/cm2 produced a 41 J temperature increase of 56*C (Ref. 6).~1.5 x 10
The SSC-1 result for this plate is 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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pared against trends of Cy 41 J transition tempera-
ture change with irradiation 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 ef fects 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-1, 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-P ll) is neither
rapid nor dramatic. That is, the 41 J transition temperature elevation I

for specimens irradiated in capsule Wall-3 is not much lower than that I

observed for the capsule Wall-1 irradiation. In the case of the A 302-B
and A 533-B plates for example (Table 11), the 41 J temperature elevations j

for capsule Wall-1 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 surf ace 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, its 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 the remaining five
materials. Again, it is 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-1 vs. Wall-3)
which produced the 47 C reduction with depth for weld code R was 3.8 x
1019 2n/cm ; the fluence difference for weld code EC which produced its

225'C reduction was only 2.6 x 1019 n/cm . More importantly, the embrittl-
ement trend with fluence in the interval 0.9 x 10 9 to 1.8 x 1019 n/cm2 is1

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 comparisons.

Of 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 te the difference in apparent embrit-
tiement sensitivity observed with the simulated surveillance capsule irra-
diations. Whether or not this change in relative behavior arose f rom 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, is 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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surveillance capsule data either predict well or over-
predict the transition temperature elevation for the
wall location.
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j
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Table 11. Observations on 41J Temperature Increase
for Capsules Wall-1 and Wall-3

|

Phterial 41 J Temperature Increase, A*C
i
i .

Capsule Wall-1' Capsule Wall-3 Difference, 'C

(A) ( B) ( A-B)i

!

A 302-B Plate 81 50 31 |I

| . (Code F23) -

! A 533-B Plate 75 53 22

} (Codes 3 PT, 3 PU)
.

Forging 72 ~56 - 16
,

j (Code K) ,

t
Forging 25 14 11

.

(Code 10)
i

I Weld 114 89 25
I

i (Code EC)
;

I Weld 286 239 47
,-

| (Code R)

I
i

;

I

,

;

;
a

|-
I

!

!

i-
!

i
1

!

!
|
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For the A 302-8 plate, essentially the same (reduced) upper shelf level was
observed in the Wall-1, Wall-2 and Wa11-3 capsule testa. A comparable data t

.

pattern is shown for the forging code K and the weld code EC. The upper
chelf 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 533-8 plate, the upper shelf
| toughness 1. el of this material would appear to be the same for the Wall-1 i

. end Wall-2 locations but not for the Wall-3 location. Here, the higher !
! upper shelf toughness for the Wall-3 capsule may or may not be a simple

manefestation of biased data scatter. The high data scatter found with the
;

{ Wall-2 upper shelf tests, while not explainable, illustrates well a :
; problem which can be encountered when too few specimens are provided. '

i Many early reactor vessel surveillance programs Itkewise had only limited
specimen numbers.4

5.5 Intercapsule comparisons.

! The data from the two sets of capsules (surveillance vs. wall) are in good
i sgreement in showing that the dif ference in transition temperature eleva-

tions between the lowest fluence and the highest fluence condition is not,

j 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 toughessa in the general sense.*

*

The exception of course is the weld code R but this weld composition has
j not been used in commercial reactor vessels.

; One primary objective of the five capsule series, both from the standpoint
3j 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),
1 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
.i symbols vs. filled symbols, respectively. Differences in transition tem-
[

i parature elevation of 100C or less are felt to be indicative of 1:1 corres- ;

pondence.
!

With few exceptions, the surveillance capsule data either predict well or4

' 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 ma).-Their upper shelf energy changes are
4 also predicted well, i.e., are within about 7 J or 5 ft-lb. 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
j ccce of overprediction (SSC-2 vs. Wall-1) by approximately the same amount. ,

'

3 Po2sible reasons for the inconsistency were pointed out above. A like
situation exists with the weld code R.;

J
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Table 12. Comparison of Simulated Surveillance and Wall
Capsule Observations (Phtching Fluence Conditions)

Capsule 41 J Temp. 69 J Temp. 0.89 mm Temp. Upper Shelf Energy
(A*C) (a*C) (A*C) (4 J)

A 302-B Plate (Code F23)

SSC-1 82 78 89 23
Wall-2 67 64 67 27
Differencea 15 14 22 -4

SSC-2 94 83 92 33
Wa11-1 81 75 83 28,

Difference 13 8 9 5

A 533-B Plate (Coden 3PT. 3PU)
!

SSC-1 61 64 69 35
Wall-2 69 69 72 35b
Difference -8 -5 -5 Ob

SSC-2 81 83 86 44
Wall-1 75 78 80 44
Difference 6 5 6 0

3 SSC Capsule value - Wall Capsule value
b Estimate based on lateral expansion data

,
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Tahlo 12. Comparison of Simulated Surveillance and
Wall Capsulo Ohnervations (Continood)

Capsulo 41 J Temp. 68 J Temp. 0.fl9 mm Temp. Upper Shelf F,norgy
(A'C) (A*C) (A'C) ( A J)

Forging (code K,),

SSC-1 61 61 66 43
Wall-2 ~78 -Al -83 47
Difference -17 -20 -17 -4

SSC-2 94 106 108 68
Wall-1 72 86 81 42
Difference 22 20 25 26

Forging (code d
,

SSC-1 -20 8 16 -7
Wall-2 20 14 19 22C
Difference 0 -6 -3 29

SSC-2 39 3) 19 -11
Wall-1 25 16 25 7c
Difference 14 17 14 18

cAvorage posttrradtetton value > average prnirrndiatton valuo

!
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1

Table 12. Comparison of Simulated Morveillance
and W411 Capsulo observations (Continued)

'

,

Capsule 41 J Temp. 68 J Temp. 0.89 mm Temp. Upper Shelf Knorgy !
(4'C) (4*C) (A*C) (a J) {,

\ '

. __.

Weld (code EC)
i

|

119 34 |88C-1 108 -

Wall-2 94 114 34 i-

Difference 14 5 0-

|

850-2 119 -122 42-

W411-1 114 -122 18-

Difference $ 0 4-

!

Weld (cade R)
1

880-1 222 256 238 88
Wall-2 256 278 278 109
Difference -34 -22 -20 -21

880-2 2A9 121- -

|
W,ill-l 286 124- -

,Difference 1i -3
'- -

f

i

!

i

I
(

i

| '
,
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i

3.6 Embrittlement Assessemoet by Altern.ittve indices

Table 13 to a summary comparison of absolute tranett ton temperatures and
transition temperature elevations (,1T's) inder d to the Cy 68 J tempera-

41 J temper-ture and the Cy 0.89 me temperatute as alterut tves to the Cy
dture. Typically, the 0.89 me ten,perature is highee than the 41 J temper- I

ature. On the other hand, thtu index tecperaturo index is either about ,

equal to or slightly lowr then the AM J te'uperat.ure, their mantmum dif fer- ,

'ence being 14*C for both pretrradiation end postirradiation conditions.
'

In turn, the 0.89 mm and 64 J tranattion temperature elevations are about
the same, t.o., within 110C with nu average dif f ersuce of 6'% of greater

interest, with the exception of wid code R, the data sets a iow an agree-
ment of 41 J and 68 J tranattton temperature elevations to within 14*C.
Accordingly, the ranking of the treadiation ef fect by espsule location is
quite independerat of the Cy indexing procedure selected (41 J. 68 J or
0.89 ma temperature). Where the 41 J t.esper.iture shift we f ound to be
significantly less than the 6h J temperature incredse, (see code R), the
irradiation produced a marked change (flattootng) in the shape of the
transition curve. This alteration prodieerd a 34*C dif ference betwen tranet-
t ton temper 4ture elevat tons in the en.se of thw c4peulo SSC-1 exposure and
22' to 28'c dif forences in the case of the capsule W411-1 and W411-2 eM-
posures.

The close agreement of the 41 J and 68 J transition temperature el.svations
noted in the present study is consistent with observations made for several
other steels earlier (Ref. 9). The prior study however reported a bias
toward a greater 0.89 se tranettlovi temperature elev4 tion, compared to the
41 J toeperature elevation, on the order of 150C to 20"C. In the present
investigetton, only the wid coce R shoud a consistent bias of this order
of magnitude. With the wid code FA and with tho forging code K, two out +

of the five data sets did suggest a m< derate or high blas, but factors
such as a low postirradiation upper shelf must be considered in judging
these ddt4 sets.

6. TENS!!.R pROPERTIK8 OCTERMINATIONS

6.1 Procedure

Tennite properties wre est4b1thhod ustPr, button head specimens machined
f rom selected Cy specimen blanks (Fig. 4). All tests wie conducted at
a loading rate less than 690 HP4/ min, based on the slope of the load- !

estenelon curve in the elastic region. Specimen strain we not monitoveJ
|

using an estensometeri instead, elongation of the g4go section i.as monitored
from test m4 chine actu4to' displacessant . In Fig. 4, the unif o rt. g.i te
length is shown to be 31.75 sea. For determin4t tons of the 0.2% of feet

i
yield strength, howver, an o!!at ti've 4sse la1f th of 18.1 mm we assumed in ,

| crder to account fully for the epwelmoit's reduced rocti.in and for a por- '

tion of the radius blends. All tests wre performed on a $$ metric ton
MTN servuhydraulle test m4 chine. 'ond cell n1toratiote % 4 performed within,

'

in one year of the present tests. A calthr4 tion rocheck using nhunt
resistors we a4de immediately tefore e4ch test. Likawlse, a calibretton
recheck of detu4 tor deflectiots we perforud liefore the test series com= !
menced and was vertfled again af ter the tente wre cespleted. Npecimen
load vs. netu4tur deflection we recored afmult anenualy on two X-Y plata

k

k

,
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Table 11. # wparisco of Irra.Iation Effect Asses m ats by Alternative C, Indicesd

Carparisora Eeld2 *4elda Forging Forging A 302-3 Plate A 533-8 Plate
( A) ( B) (Code EC) (Code R) (Code .*0) (Code K) (Code F23) (Codes 3PT, 3PU)

'

vs. AT -3 A< 3 A> B A4 8 A>B A=8174gy ggy
( M*C) (12*C) (14*C) (l1*C) (3*C)

%

ST;gj T . * T.) ,ggs, AC B A< B A=B AC B Ao B A<B
(25*C) (36*C) ( 3*C) (14*C) (7*C) (8*C)

|

6 O A<B A'E A=8 A< B A=B17 aJ *** AI .89ms -

,
(2*C) (9'C) (5'C) (ll*C) (6*C)i *

A=B A'B A=3 A<B A<BTgy,39 ,vs. Tgy -

(5*C) (14*C) (5*C) (14*C) (13*C)

T .89mm vs. Tf.gj A<B A> B A* B A'B A'B A>BO
( M*C) (42*C) (9'C) (20*C) (19'C) (22*C)

I

a Ehere comparisons were possible
'

b Postirradiattoo upper shelf less than 68 J
e Maxisus difference between values

I
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ters. One plotter. recorded the entire applied load vs. deflection history
throught to, speciue'n failure. The second plotter provided an expanded load
vs. deflection record which was stored digitally via a computer-controlled
data acquisition system.

76s2 O_bservationsb
< ,

Tensile property determinati,ons 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 redu'etion in area measurements are not available. These measure-

gents will be included 'in an addendun to be issued by MEA.

Referring to Fig. 47, the data show the expected increase in yield and ten-

| sile strengths with inc'reasing fluence. Except for weld code R, the yield
| - strength changes were less than'175 MPa (25 ksi) and yield strength differ-

e' aces between capsules are' small (see Table 20). The strength change was,

least with capsule, Wall-3 and greatest with capsule SSC-2.

The'ehanges with~ capsule Wall-2 were somewhat greater than those of Wall-3
but were fless than'i thos c. observed with capsule Wall-1 or capsule SSC-1.
Surveillance capsule results (duplicate test averages) by-in-large gave
conservative' predictions ' for material performances in the wall capsules.
The ,r'eason for the somewhat high degree of scatter found with some of the
data sets for the 4 302-B and A 533-B plates has not been ascertained but
is not due to plate sampling-location or testing procedure, i.e., specimens
ts.re f rom ' one small volume of material and were tested concurrently.

7. DISCbSSION

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-
cent occurs. The code R data also could be reflecting some non-nuclear
time-at-temperature effect. This suspicion derives from the lower embrit-
tiement. observed for the capsule SSC-1 specimens compared to the capsule
Wall-2 'pecimens coupled with their large difference in exposure times,s;

! 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-1. A larger dissimilarity in yield strength elevation
was also t'ecorded for the capsules SSC-1 and Wall-2 (31 MPa) compared to.s

the capsule.t SSC-2 and Wall-1 (16 MPa). Thermal control data where avail-

., , cble are helpfu1*in ' resolving questions of \one vs. two operating mechanisms|
''

; ' , and can help preclude technical surprises as well.
! y. ;~
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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-T22a 24 482 660

Capsule SSC-1 '

F23-T6a 24 581 710
F23-T23a 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-1

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 'l

[ -Capsule Wall-3

F23-T4 27: 553 697'
F23-T26 27 580 730 H<

F23-T21 163- 523 677
F23-T10 288~ 496 655-

( F23-T19 288- 517 697'

i 1

a Tested at the'U.S. Naval Research Laboratory

|

5
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a. 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-Tib 567 715
'

3PT-T10 573 710

Capsule SSC-2

3PT-T5 606 744
3PT-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 Wall-3

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

a Test temperature 24 to 27'C
b Tested at the U.S. Naval Research Laboratory
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aTable 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

a Test temperature 24 to 27'C

|

|
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aTable 17. Tensile Properties of A 508-3 Forging

Specimen 0.2%-Yield Ultimate

Number Stress Stress

(MPa) (MPa)

Unirradiated

(average)b 462 615

Capsule SSC-1

MO-1 487 614
MO-2b 423 590
MO-3 487 613

Capsule SSC-2

M0-13 508 627
MO-14 510 627
MO-15 512 627

Capsule Wall-1

MO-4 501 627
MO-5 504 627
MO-6 504 626

Capsule Wall-2

M0-7 491 616
M0-8 482 615
M0-9c 470 615

Capsule Wall-3

MO-10 475 608
M0-11b 407 585
M0-12 480 614

a Test temperature 24 to 27'C
b 288"C test
c Specimen damaged in experiment decanning
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Table 18. Tensile Properties of Weld Code ECa

!

.

' Specimen 0.2% Yield Ultimate
Number Stress Stress

(MPa) (MPa)

Unitradiated

i '(average)b - 456 583

Capsule SSC-1
4

4 ET-1 602 691
i ET-2 598 689
i

Capsule SSC-2

ET-10 623 711
ET-11 619 708,

i

Capsule Wall-1

ET-3 610 703>

i ET-4 622 709
:

Capsule Wall-2

| ET-5 599 696
]' ET-6 609 702

1
Capsule Wall-3

ET-7 607 695
j ET-9 592 693

a Test!. temperature 24 to 27'C
~

b NRL datai

!
!

.

-
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Table 19. Tensile Properties of Weld Code Ra

Specimen 0.2% Yield Ultimate
Number Stress Stress

(MPa) (MPa) ..

+

Unirradiated

Test-lb 475 596
Test-2b 502 629

Capsule SSC-1

R88-T 766 820
R89-T 776 840

i
'

Capsule SSC-2

R64-T 830 872
R65-T 815 858

Capsule Wall-1

$ R62-T 841 889
'

R63-T 838 879
,

Capsule Eall-2
,

i

R86-T 803 854
R87-T 801 853'

;

j CapsuJe Wall-3

f R84-T 777 837
i R85-T 773 833

| a Test temperature 24 to 27'c
b

i Supplier data
l

i
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Fig. 46 Variation in tensile properties of the1

A 302-B plate between irradiation capsules for 24*C.
(upper graph), - 163*C (middle graph) and 288'C (lower.
graph) test temperatures.
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Table 20. Comparison of Strength Changes Produced by Irradiationa

.

Material Maximum Observed Elevationb Maximum Difference Between Capsulesc
.

Yield Strength ' Tensile Strength Yield' Strength Tensile Strength
( MPa) ' ( Wa) ( Wa) ( Na).:.

.

,

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)

5
Forging- 48 12 32 16

(Code M))

Weld- 165 127 22 20

(Code EC)

. Weld 351 272 69 54

:(Code R)

a Ambient temperature tests; average of test data
b Capsule SSC-2'vs. unirradiated condition
c Capsule SSC-2 vs. capsule. Wall-3 or capsule SSC-1 (code R only)

,
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The relatively small difference in embrittlement level between wall surface
and mid-wall positions was expected for the particular fluence ranges
examined. The embrittlement ( K) trend developed for the A 302-B plate
through in-core 288*C irradiation tests (see Fig. 44) shows that the rate

19 n/cm2 thanof embrittlement accrual is higher for fluences below 1 -1.5x10
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 fluences on the inner
wall in many instances will range from 4 to 6x 1019 n/cm . Depending on2

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 should be included.

Earlier analyses suggested that the benefit of radiation effects attenu-
stion with Vall thickness, in terms of the retention of a tough outer wall
ligament, would be strongest for the more radiation sensitive materials.
Figure 48, taken f rom an earlier study (Ref. 19) illustrates this dif fer-
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 f ramework, high copper content velds would be
expected to follow the "high sensitivity" curves. The ASTM A 302-B refer-
ence plate illustrating the " median senstivity' case is the code F23 mater-
ial studied here. As noted, the crack arrest transition (CATL occurs
closer to the wall surface for the "high sensitivity" case than for the
" medium sensitivity" case because of the dissimilar gradients in embrittle-
ment. The CAT, by definition, is the fracture transition elastic (FTE)
t emperature taken to be 3PC (60*F) above the drop weight nil-ductility
tranettion (NDT) temperature.

Among the PSF experiment mate ria ls , only the weld code R clearly fits the
category of "high sensitivity * in Fig. 48. The weld code EC, although
vignificantij tore radiation embrittlement sensitive than the A 302-B plate,
shosed about the same dif f e rence in 41 J temperature increase between
capsule Wall-1 and capsule Wa11-3 as the A 302-B (25* vs. 31*C). When.the
data 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 mention here the observation made
in postirradiation CT and u, test ' comparisons for the A 302-B and A 533-B .
plates (Ref. 3). On balance, the 41 J temperature elevation had a tendencyr

| to be less than the 100 MPa E temperature elevation. The trend was
| more apparent for the A 302-B plate where on average, the 41 J temperature

increase was about 24*C smaller than the 100 MPa E temperature increase.
However, when the CT fracture toughness data were corrected for constraint
by the kc-approach postulated by Irwin (Ref. 20), the 100 MPa E temper-

| ature elevations were lower than the 41 J temperature elevstions. (The % e-
correction has been shown by Merkle (Ref. 21) to provide reasonable estimates

of the plane strain fracture toughness,-Kic, for cases in which Kte and some
; non plane strain fracture toughness, K , are known.) For the referenced CTc
!
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THROUGH-WALL EMBRITTLEMENT BEHAVIOR
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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 mediun. rtdiation 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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i ~ data,-the KJc. values were taken as K values. Before %e-corrected datae
can be applied with full confidence, further experimental confirmation of,

j. : the approach is required and is 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:

f'

l. The surveillance. capsule data indicate reasonably well the irradt-'

ation effect to the wall surf ace and quarter wall thickness loca-
tions. With one exception the C, surveillance results proved [

>

conservative.where significant (>10*C) dif ferences were observed;,

1 predictions of the 41 J transition temperature were within 20*C.
I The exception pertains to the capsule SSC-1 results for the forg-

ing code K which underpredicted the in-whil transition temperature -

[ elevation by 17'C.
,

2. The in-wall toughness gradient produced by irradiation, indexed to,

} the transition tempe rature. was small. The difference in 41 J
i temperature between wall surface and midthickness locations ranged

between 31*C (A 302-B plate) and ll*C (forging code MO). The
average difference for all materials, including the weld code R,

; was 25'C.
I

~

j 3. In parallel with (2), the doubling of the fluence to the materials
i produced only a small additional 41 J temperature elevation in the
; surveillance capsule irre 'iations (SSC-2 vs. SSC-1).
-

.

j 4. The postirradiation 41 J temperature elevrtion is in clone agree-
,

i ment with the 68 J and 0.89 mn transition temperature elevations !
i (within 14*C in most cases.) '

i
"

| 5. Irradiation sensitivity levels of the materials are in accord with
! initial predictions uased on material copter and nicket contents.
,

! 6.. Tensile test ~ findings support the notch ductitity trend determi-
nations.

,

t

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

! 7. High radiation embritticeent sensitivity was observed for the weld
! code R which contained 0.23% Cu and 1.58% Ni. The unusually high '

level of sensitivity suggests contributions by two or inore embrit- ;

tienent mechanisms, . in addition to the normal irradiation ef fect.
! An independent contribution of Ni to radiation sensitivity develop- ,

ment and a time-at-tempe rature effect are currently suspect. '

,

j 8. ' Capsule SSC-1 results ~ for weld code R significantly underpredicted k
| in-wall behavior. A-time-at-temperature effect would explain this

!
'

finding.'

i

L

|
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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 )'

y
difference traceable to specimen thickness location in the origi- j

i nal plate. The anomaly is most evident in the upper shelf tempera- j
ture regime and with data from capsule SSC-1. Good properties'

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

i

Finally, the performance of a second set of experiments to examine in-depth
19 n/cm2 on iembrittlement for lower fluences, i.e., less than 1 to 1.5 x 10

the wall surface, may be warranted depending on future NRC needs for PTS
! analyses. (
)
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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
*C (*F) J (ft-lb) mm (mils)

Unirradiated Condition

~ Layer 1
6 -40 (-40) 9 ( 7) 0.102 ( 4)

23 -18 ( 0) 33 (24) 0.483 (19) i

43 -1 ( 30) 41 (30) 0.762 (30) j
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) 71 (52) 1.168 (46)
68 33 (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 (7 7) 1.651 (65)
100 177 (350) 107 (79) 1.626 (64)
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) {

'

84 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)

82
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Table A.1 Continued

.!

, Specimen Test ~ Charpy Lateral
1

!. Number Temperature Energy Expansion.

'

'C (*F) J (ft-lb) mm (mils)
4

Capsule SSC-2

! Group 1. Left
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)

J

Group 2, Right4

| 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 ?88 (550) 73 (54) 1.295 (51)

: 167 24 ( 75) 7 ( 5) 0.001. ( 3)'
) 101 46 (115) 18 (13) 0.254 (10)
a

Capsule Wall No. 1 (Surface) '

; Group 1, Left
j 2 149 (300)- 85 (63) 1.422 (56) ,

' 9 116 (240) 84~ (67) 1.295- (51)i 39 91 (195) 65 (48) -- --

| 71 102 (215). 81 (60) 1.295 .(51)
: 78 204 (400) 91 (67) 1.372 (54)
I ' 85 88 . (190) 46 -(34) -- --

139 -66 (150) 33 (24) 0.483 (19)
7 49 (120). . 23 (17) 0.584 (23)

| Group 2. Right
| 12 . 204 (400) 77 (57) 1.245 (49)'

i 19 93 (200) 53 (39) 0.838 (33)
i 64 71 (160) 46 (34) . 0.711 (28)
| 96- 154 (310) 76 ~ (56) 1.219 (48)
| 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)
i

i

' I
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Table A.1 Continued
I

Specimen. Test Charpy Lateral

Number Temperature Energy Expansion
*C

'

(*F) J (ft-lb) mm (mils)

Capsule Wall No. 2 (Quarter T) '

Group 1, Left

3 2 ( 35) 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)-

j. 79 204 (400) 88 (65) 1.499 (59)
86 49 (120) 26 (19) 0.483 (19)4

93 71 (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) 1

97 71 (160) 43 (32) 0.737 (29) !

i 104 127 (260) 73 (54) 1.270 (50) I
118 54 (130) 42 (31) 0.610 (24) j

165 288 (550) 71 (52) 1.245 (49) !
,

49 10 ( 50) 8 ( 6)- 0.076 ( 3) l4

i

| Capsule Wall No. 3 (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 77 (170) 64 (47)- 1.067 -(42)
j 141 93 (200) 88 (65) 1.372 (54)

44 10 ( 50) 14 (10) 0.229 ( 9)

Croup 2,'Right

14 93 (200) 69 (51) 1.067 (42)
46 54 (130) 45 (33) 0.762 (30)

i 66 204 (400) -80 (59) 1.448 (57)
76 (56) .1.270 (50)98 121 (250) -

*

105 -38 (100) 35 (26) 0.533 .(21)|
! 112 27 ( 80) '27 (20) 0.483 (19)

119 6,6 (150) 60 (44) 0.914 (36)'

[ ;166 288 (550) 80 (59) 1.422 (56)
|

69 -1 ( 30) 11 ( 8) 0.152 ( 6)

84V
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TTable A.2 Charpy V Test Resnits for A 533-B (HSST 03) Plate
(Code 3PT, 3PU)

Specimen Test Charpy Lateral
Numbe r Temperature Energy Expansion

*C (*F) J (ft-lb) mm (mils)

'
Unirradiated Condition

Layer 2
3PT-16 -40 (-40) 15 ( 11) 0.305 (12)
3PT-11 -12 ( 10) 37 ( 27) 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 (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)

f , Layer 3
3PU-32 149 (360) 134 ( 99) 1.905 (75)

4M*_E ,,
3PT-27 -12 ( 10) 27 ( 20) 0.635 (23)
3PT-28 27 ( 80) 65 ( 48) 1.067 (42) <'

3PT-31 66 (150) 115 ( SS) 1.727 (68)
3PT-29 123 (250) 159 (117) 2.184 (86)
3PT-30 204 (400) 146 (108) 2.235 (88)

Capsule SSC-1 (Code 3PU)

i Group 1, Left
i 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)

Croup 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)
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Table A.2 Continued

,

Specimen Test Charpy Lateral
Number Temperature Energy Expansion

*C (*F) J (ft-lb) 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)
24 149 (300) 103 (76) 1.626 (64)
23 104 (220) 49 (36) 0.889 (35)
26 216 (420) 110 (81) 1.303 (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 ( 75) 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 Test Charpy Lateral
Number Temperature Energy Expansion

*C (*F) J (ft-lb) (mils)mm

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

Group 1. Left
11 210 (410) 127 (94) 1.753 (69)
12 43 (110) 22 (16) 0.483 (19)
13 71 (160) 65 (48) 1.041 (41)
14 93 (200) 69 (51) 1.143 (45)
15 66 (150) 41 (30) 0.660 (26)
Group 2. Right
27 149 (300) 87 (64) 1.499 (59)
28 54 (130) 24 (18) 0.406 (16)
29 116 (240) 93 (72) 1.575 (62)30 82 (180) 50 (37) 0.686 (27)
31 177 (350) 100 (74) 1.676 (66)

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

Group 1, Left
1 204 (400) 119 (88) 1.890 (74)
2 16 ( 60) 20 (15) 0.356 (14)
3 66 (150) 54 (40) 0.838 (33)4 93 (200) 92 (68) 1.549 (61)
5 54 (130) 42 (31) 0.686 (27)
Group 2, Right
17 149 (300) 125 (92) 1.880 (74)18 43 (110) 37 (27) 0.635 (25)
19 104 (220) 100 (74) 1.702 (67)20 77 (170) 62 (46) 1.118 (44)21 210 (410) 130 (96) 2.032 (80)

! -

i

|
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Table A.3 22NiMoCr37 Forging
(Code K)

Specimen Test Charpy Lateral

Number Temperature Energy Expansion
*C (*F) J (ft-lb) am (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) 125 ( 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 13 8 (280) 207 (153) 1.880 (74)
812 177 (350) 201 (148) 1.854 (73)

Capsule SSC-1

Group 1, Left
512 171 (350) 165 (122) 2.007 (79)

. 513 -7 ( 20) 9 ( 7) 0.025 ( 1)
! 514 10 ( 50) 96 ( 71) 1.270 (50)
! 99 71 (160) 127 ( 94) 1.626 (64) ,

62 16 ( 60) 71 ( 52) 0.813 (32)'
; 63 -12 ( 10) 4 ( 3) 0.000 ( 0)
l 64 27 ( 80) 110 ( 81) 1.499 (59)
i

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) 4 ( 3) 0.051 ( 2)
612 204 (400) 149 (110) 1.524 (60)

| 6 13 10 ( 50) 58 ( 43) 0.711 (28)
!
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Table A.3 Continued

Specimen Test Charpy Lateral-

Number Temperature Energy Expansion ;

'C (*F) J (ft-lb) 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)

Croup 2. Right

i 77 93 (200) 98 ( 72) 1.372 (54)
710 43 (110) 68 ( 50) 0.838 (33)
711 66 (150) 84 ( 62) 1.143 (45)

I 73 38 (100) 43 ( 32) 0.533 (21)
712 116 (240) 141 (104) 1.2 19 (78)

'

713 24 ( 75) 5 ( 4) 0.000 ( 0)
714 210 (4 10) 133 ( 98) 1.956 (77)
715 138 (280) 136 (100) 1.829 (72)

Capsule Wall No. 1 (Surface)
!

| Croup 1, Left
,

410 88 (190) 106 ( 78) 1.600 (63) '

1 411 21 ( 70) 69 ( 51) 0.905 (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

j 53 54 (130) 62 ( 46) 0.864 (34)
: 54 43 (110) 73 ( 54) 1.016 (40)

55 71 (160) 125 ( 92) 1.702 (67)i

i 413 -12 ( 10) 5 ( 4) 0.000 ( 0)
| 56 4 ( 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)
i

!
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Table A.3 Continued

Specimen Test Charpy Lateral

Number Temperature Energy Expansion
*C (*F) J (ft-lb) ma (mils)

Capsule Wall No. 2 (Quarter T)

Croup 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 ( 4) 0.000 ( 0)
314 27 ( 80) 66 ( 49) 0.940 (37)

Croup 2. Right

315 93 (200) 149 (110) 1.753 (69)1

| 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 (31)

Capsule Wall No. 3 (Half T)

Group 1. Left
,

24 177 (350) 157 (116) 1.829 (72)'

1 25 -12 ( 10) 3 ( 2) 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)

Croup 2. Right
213 138 (280) 165 (122) 2.007 (79)
214 71 (160) 134 ( 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 ( 24) 0.406 (16) |

34 204 (400) 171 (126) 1.549 (61) )
35 4 ( 40) 39 ( 29) 0.533 (21) 1

|
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i

Tcblo A,4 A 508-3 Forging j

(Code MO)

I

Specimen Test Charpy Laterali

Number Temperature Energy Expansion
'C (*F) J (ft-lb) mm (mils)

Unirradiated Condition
,
.

Block e. Inside layer
66 121 (250) 217 (160) 2.311 (91)
67 27 ( 80) 207 (153) 2.362 (93),

; 68 4 ( 40) 142 (105) 1.854 (73)
69 -12 ( 10) 176 (130) 2.032 (80) :

j 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 layer
j 73 -62 (-80) 42 ( 31) 0.635 (25) !
. 74 4 ( 40) 142 (105) 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 ( 75) 1.499 (59) !

!80 38 (100) 231 (170) 2.337 (92)

Block e. Inside layer

j 81 -18 ( 0) 113 ( 83) 1.626 (64) t

82 288 (550) 244 -(180) 2.083 (82) ,

84 288 (550) 283 (209) 1.803 (71)

- Capsula SSC-1|
j Croup 1. Left

| 01 0" -1 ( 30) 171 (126) 2.007 (79)
'

02 0 -29 .(-20) 125 ( 92) 1.651 (65)
) 03 0 -46 (-50) 16 ( 12) 0.203 ( 8)
j 04 0 -40 (-40) 22 ( 16) 0.254 (10)
'

05 0 54 (130) 209 (154) 2.286 (90)

Group 2. Riaht
~

06 0 -40 (-40) 61 ( 45) 0.787 (31)
07 0 -10 ( 0) 56 ( 41) 0.813 (32)
08 0 -18 ( 0) 68 ( 50) 0.965 (38)
09 Ib 40 (.40) 75 ( 55) 1.041 (41)
10 I 4 ( AO) 140 (103) 1.753 (69): ,

| 11 I 4 ( 40) .

., ' 0 3 ( 6S) 1.245 (49)
129 ( 95) 1.702 (67)

| 12 1 -18 ( 0)
13 I 121 (2y0) 201' ( 140) 2.210 (87)

.

a Forging Layers outntde
b Forging Layers inside '

91
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Table A.4 Continued

Specimen Test Charpy Lateral
Number Temperature Energy Expansion

'C ('F) J (ft-lb) mm (mils)

Capsule SSC-2c

Group 1, Left
53 0 4 ( 40) 79 ( 58) 1.219 (48)
54 0 -12 ( 10) 81 ( 60) 1.295 (51)
55 0 93 (200) 198 (14 6) 2.235 (88)
57 1 21 ( 70) 117 ( 86) 1.803 (71)

Croup 2, Right
58 1 49 (120) 146 (108) 1.981 (78)
59 I -18 ( 0) 22 ( 16) 0.305 (12)
60 1 16 ( 60) 106 ( 78) 1.600 (63)
62 1 49 (120) 164 (121) 2.286 (90)
63 I 127 (260) 202 (149) 2.311 (91)
64 I -1 ( 30) 73 ( 54) 1.118 (44)
65 1 -23 (-10) 37 ( 27) 0.508 (20)

Capsule Wall No. 1 (Surface)

Croup 1. Left
14 I -29 (-20) 41 ( 30) 0.559 (22)
16 I 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)

Croup 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) 2.337 (92)
25 I -1 ( 30) 99 ( 73) 1.397 (55)
26 I -23 ( 10) 62 ( 46) 0.940 (37)

c All specimens from block g except specimen no. 65 which is from block e
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, Table A.4 Coc tinue.d,-
,

,

i Specimen _ Test Charpy Lateral
Energy ExpansionNumber Temperature *

"0 (*F) 1J (ft-lb) mm (mils)

!\ ,

Cipsdie Wall No. 5 (Quarter T)
'

''

,

Group 1,LeIt
,

-28 :L -23 (-10)
,

57 ( 42) 0.889 (35)
29 I' 4 ( 40) 117 ( 86) 1.702.. (67)'

i 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 ; .49. (120) 198 (146) 2.286 (90)
35 0 -40 (-40) 46 ( 34) 0.635. (25)
36 0 3 -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)

I

j^" Capsule Wall No. 3 (Half T)
I

L Group 1, Left

~ ] 40 0 -43 (-45) 30 ( 22) 0.660 (26)
41 I -29 (-20) 65 ( 48) 1.194 (47),

'

43 I 121 (250) 220 (162) 2.007 (79)-
44 I 21 ( 70) 155 (114) 2.108 (83)

Group 2, Right
,

! 45 I 4 ,( 40) 103 ( 76) 1.600 (63)-

46 I ' -18 ( 0)- 18- ( 13) 0.330- (13)
47 ~I 49 (120) 171 (126) 2.310 (91)
48 I -40 (-40)'' 54 ( 40) 0.838- (33)
49 0 -1 ( 30) 76 ( 56) . 1.245 (49)
51 0 .-18 ( 0),- .85 . ( 63) 1.321 (52).

52- 0 121 (250f. . 201' (148) 2.311 (91)
7
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Table A.5- Submerged Arc Weld
(Code EC)

4

7 Specimen. Test Charpy Lateral
! Number Temperature Energy Expansion

*C (*F) J (ft-lb) am (mils)

'

Unirradiated Condition

NRL Tests -46 (-50) 24 (18) 0.330 (13)
i -18 ( 0) 45 (33) 0.889 (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 -59 (-75) 24 (18)

; -26 -(-15) 35 (26)
| -26 (-15)- 42 (31)
! -1 ( 30) 42 (31)
; -1 ( 30) 45 (33)

-1 ( 30) 56 (41)
-1 ( 30) 58 1(43)

! 24 ( 75) 68 (50) ,

49 (120) 80 (59) I,

i ' 49 (120) 88 (65)
j 99 (210) 84 (62)

99 (210) 91 (67)
149 -(300) 92 (68)

(,

149 300)- 92 (68)
t

i Capsule SSC-1

Group 1. Lefti

| 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).
i 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 ( 0) 12 -( 9) ;0.102 ( 4)

!

i' 94~
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Table A.5 Continued

,

Specimen Test Charpy Lateral

Number Temperature Energy Expansion
! *C (*F) J (ft-lb) 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 12 1 (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, Lef t

13 204 (4 00) 58 (43) 1.041 (41)
14 288 (550) 57 (42) 1.041 (41),

l 15 13 8 (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)

95
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Table A.5 Continued

Specimen Test Charpy Lateral
Number Temperature Energy' Expansion

; 'C (*F) J (ft-lb) mm (mils)
i

Capsule Wall No. 2 (Quarter T)

Group 1, Lef t

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) I

,

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)4

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) e

48 54 (130) 33 (24) 0.508 (20)

|

;96
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Table A06 Submerged Arc Wold
(Code R)

Specimen Test Charpy Lateral
Number Temperature Energy Expansion

*C (*F) J (ft-lb) em (mils)

Unirradiated Condition

3/4T -100 (-148) 7 ( 5) 0.076 ( 3)
-99 (-146) 23 (17) 0.406 (16)
-90 (-130) 14 ( 10) 0.152 ( 6)
-90 (-130) 34 ( 25) 0.584 (23)
-80 (-112 ) 60 ( 44) 0.635 (25)
-80 (-112) 37 ( 27) 0.508 (20)
-70 ( -94) 84 ( 62) 1.422 (56)
-60 ( -76) 92 ( 68) 1.549 (61)
-60 ( -76) 87 ( 64) 1.372 (54)
-40 ( -40) 80 ( 59) 1.346 (53)
-40 ( -40) 84 ( 62) 1.397 (55)
-20 ( -4) 113 ( 83) 1.854 (73)
-20 ( -4) 148 (109) 2.235 (88)
0 ( 32) 123 ( 91) 1.727 (68)

40 ( 104) 176 (130) 1.880 (74)
1/2T -100 (-148) 8 ( 6) 0.127 ( 5)

-90 (-130) 19 ( 14)
-80 (-112) 45 ( 33) 0.737 (29)
-80 (-112) 20 ( 15)
-80 (-112) 64 ( 47)
-90 (-130) 3 ( 2) 0.457 (18)
-70 ( -94) 84 ( 62)
-70 ( -94) 85 ( 63)
-60 ( -76) 73 ( 54)
-60 ( -76) 56 ( 41) 0.914 (36)
-40 ( -40) 84 ( 62) 1.422 (56)

60 ( 140) 180 (133) 1.727 (68)

Capsule SSC-1
Group 1, Lef t

1 143 (290) 41 (30) 0.483 (19)
2 193 (380) 68 (50) 0.889 (35)
3 93 ,(200) 22 (16) 0.229 ( 9)
4 232 (450) 87 (64) 1.245 (49)
6 260 (500) 79 (58) 1.168 (46)
7 177 (350) 61 (45) 0.914 (36)

Group 2, Right

8 204 (400) 79 (58) 1.041 (41) i
'

9 138 (280) 38 (28) 0.457 (18)
11 17 1 (340) 56 (41) 0.737 (29)
12 260 (500) 80 (59) 1.194 (47)
13 10 4 (220) 24 (18) 0.305 (12)
14 132 (270) 31 (23) 0.330 (13)
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Table A.6 Continutd

Specimen Test Charpy Lateral
Number. Temperature Energy Expansion

*C (*F) J (ft-lb) mm (mils)

Capsule SSC-2

Group 1. Left

31 243 (470) 53 (39) 0.711 (28)
i 32 149 (300) 19 (14) 0.279 (11)

a33 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 13 8 (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) |
6

47 288 (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)

i 58 13 8 (280) 19 (14) 0.203 / 3)
59 288 (550) 68 (50) 0.864 (34)

i

aNot determined |
t

|
Ii

i I
!
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Table A.6 Continued

Specimen Test Charpy Lateral

Number Temperature Energy E?.pansion
*C ("F) J (ft-lb) 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, Lef t

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) ---- a (__)

aNot determined
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APPENDIX B

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