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ABSTRACT

i

The Light Water Reactor-Pressure Vessel Surveillance Dosimetry Improvement
Program of the Nuclear Regulatory Commission (NRC) has irradiated Charpy-
V, . compact tension and tension test specimens of selected steels in a
pressure vessel wall / thermal shield mock-up facility. The investigation

#

is part of a broad NRC effort to develop key neutron physics-dosimetry-
metallurgy correlations for asking highly accurate projections of radia-
tion-induced embrittlement to reactor vessels.

r

i Mechanical properties data have been developed for two of the materials:
; the ASTM A302-B correlation monitor reference plate and the A533-B plate

No. 03 from the NRC's Heavy Section Steel Technology Program. These re-
i suits are presented together with an overview of specimen irradiation and
'

testing procedures. Data comparisons are used to describe the observed
toughness gradient produced by irradiation where fluences were typical of
vessel end-of-life conditions. In addition, assessments are made of the
relative irradiation effect at surveillance capsule vs. through wall loca-

| tions and the correspondence of Charpy-V vs. fracture toughness test methods
in their independent descriptions of radiation-induced embrittlement.

+ .

Irradiation in the simulated surveillance capsule location was found to re-!

, produce reasonably well the irradiation effect to vessel inner surface and
! quarter wall thickness positions. As expected, the adjustment of the ASME
4 lower bound (i.e., dynamic) KIR toughness curve by the radiation induced
i elevation of the Charpy-V 41 J and the compact specimen 100 MPa Etemper-
2 atures was conservative when compared against the static toughness data.'

However, the temperature elevation of i.h C curve (41 J 1evel) with irradi-y

ation frequently did not provide a conservative estimate of the temperature
elevation defined by fracture toughness tests (100 MPa E level). On,

the other hand, correction of the fracture toughness data for lack of test
i specimen constraint ( 8 te-correction) results in transicion temperature
: elevations less than the C 41 J elevations, in most cases. Overall, they

toughness gradient observed between in-wall locations after irradiation
i

was small for both materials; the difference between transition temperatures
,

for wall surf ace vs. mid thickness locations was 31'c or less, independent;

| of the test method used.
I

i Candidate areas for future research investigation are discussed.
!
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1. INTRODUCTION

One objective of the Light Water Reactor-Pressure Vessel (LWR-PV) Surveil-
i lance Dosimetry Program established by the Nuclear Regulatory Commission

(NRC), is the development of key information for the accurate projection
of radiation-induced mechanical properties changes in reactor vessel walls
( Ref s . 1,2) . The total effort represents a multi-laboratory program with
international participation. MEA was given responsibility for the develop-
ment and analysis of mechanical properties data required for the study.

;

Because the neutron energy spectrum incident to a vessel is both modified
and attenuated as it passes through the vessel wall, the proj ection of
in-depth property changes occurring in service is not a simple, straight-
forward task. The prediction of mechanical properties changes produced by

i irradiation normally requires both an understanding of the damaging portion
of the neutron energy spectrum and the trend of the property degradation

2i with total neutron exposure, i.e., fluence (n/cm ). The correlation. of
property change with fluence is a nonlinear function and is highly influ-

! enced by steel metallurgy, especially composition (Refs. 3,4).

Vessel property changes typically are monitored using surveillance specimen

irradiations internal to the vessel but outside of the fuel core -(Ref. 5).
Extrapolation of spectrum conditions at surveillance capsules and the rela-

,

tionship of mechanical property change data obtained from surveillance
specimen tests to locations inside the vessel wall are aspects of the

2present research problem. Neutron flux (n/cm -sec) levels at surveillance
test positions (s) can be as much as one order of magnitude higher than at

.

the vessel inner wall. Moreover, extensive changes to the neutron spectral,

4 shape develop in transit through intermediate steel or water boundaries
between the surveillance capsule location (s) and the vessel wall. _ Typical-
ly, the task of mechanical properties prediction reduces to three key

: components: proper and accurate definition of the neutron field, accurate
projection of field attenuation, and proper estimation of steel response
to the local field. For new vessels, a demonstrated technology is available

'
for the routine production of highly radiation resistant - steels and weld
metals (Ref. 6). With such vessels, questions of appropriate neutron field
descriptions and proj ection methods become academic to vessel integrity:

4tnalyses. Therefore, the primary thrust of the NRC's study is to the older
| vessels, i.e., those which did not have the benefit of the new techology

(pre 1972 vessels) (Ref. 4).'

A pressure vessel mock-up facility was specially constructed for the Sur-
veillance Dosimetry Program for through-wall neutron dosimetry - investiga-
tions and through-wall neutron exposures of metallurgical specimens which

! jointly were to yield physics-desinetry-metallurgy correlations. The facil-
| ity, known as the Pool Side Facility (PSF), is located at the Oak Ridge
'

Research Reactor (ORR) .and simulates a relatively large segment of a reactor
thermal shield and vessel wall (Ref. 2). Here, specimens can be irra-
diated in sealed capsules under closely controlled temperature. conditions
ct simulated. surveillance and through-wall locations. To date, five ' cap-

! cules have been irradiated at 288'C (Ref. 7). Two capsules (designated
SSC-1 and SSC-2) respectively represent surveillance capsules taken from.a-
pressurized water reactor plant af ter about 15 years and 30 years - of oper-
ction, i.e. , at plant mid-life and at plant end-of-lifa. The remaining three

!-

i
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capsul'es (Wall 1, 2 and 3) represent vessel surface (OT), quarter wall
thickness .(1/4T) and half wall thickness (1/2T) positions. The lead factor,
i.e., ratio of neutron flux levels, between the surveillance capsule loca-
tion and the wall surf ace location is about eight for the particular PSF con-

' figuration used. The capsules contained mechanical test specimens of six
pressure vessel materials from U.S.A. and overseas sources.

This report presents the results of mechanical properties determinations by |
'

MEA for the two reference plates included in the capsules. One plate is of
A533-B steel (HSST Plate 03) and represents the primary candidate in
recent vessel production. The second plate is of A302-B ' steel ( ASTM Ref-
erence Correlation Monitor Plate) .and represents early vessel manuf acture.
Plate properties established by MEA were Charpy-V (Cy) notch ductility,
static fracture toughness (K c and J-integral methods) and tensile strengthI

,

properties. A companion report, in preparation, will provide the results
for the remaining four materials (forgings, welds) f rom the same PSF cap-
sules. Capsule space limitations precluded the irradiation of fracture
toughness test specimens for these materials; accordingly, their results'

are being reported separately.
'

.

2. THE PSF FACILITY

Figures 2.1 and 2.2 are schematic illustrations of the PSF f acility and show
its spatial relationship to the ORR fuel core. In brief, the facility,

consists of a steel thermal shield (5.9 cm' thick), a steel pressure vessel
wall simulator (22.5 cm thick) and a void box representing the vessel
exterior cavity. The components are located adjacent to but outside of
the pressure vessel housing the reactor fuel core. The PSF configuration,

l is positioned at an aluminum window in the side of the vessel specially
provided by the original design for exterior-to-the vessel . irradiations.

*

The thermal shield is separated from the window by approximately 4 cm of
water; the separation of the thermal shield and the vessel simulator is 12'

cm. .From Fig. 2.2, note that- the simulated surveillance capsules are
. positioned at the thermal shield on the side away from the core. The wall,

' capsules, on the other hand, are placed in cavities within the vessel
simulator itself. Temperatures are independently controlled in both cap-
sule types by a combination of resistance heaters and a flowing gas mix-
ture. In the present series of' capsules, specimen temperatures typically
were held within 10*C of the target exposure . temperature of 288'C. An
exploded view of a typical capsule showing the general features of the
units is provided in Fig. 2.3.

t
' Additional details of - the PSF facility 'and the bases for its particular

design configuration are given in the various annual reports for the LWR-PV
Surveillance Dosimetry Program issued by the program manager (Hanford Engi-'

-

neering Development Laboratory, HEDL)- (Ref s. 8-10). In addition to the
,

PSF, an equivalent but lower power facility was built for testing neutron
spectrum conditions and neutron transport codes for conditions of a " pure"-

(unperturbed) fuel core. This.second facility, called the Poolside Critical
Assembly (PCA), was used in combination with the PSF to .obtain a high,

degree of confidence in the neutron flux ' conditions assigned to the five
metallurgical specimen ~ irradiations (Ref. ll)..

l

i

,

2i
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Fig. 2.1 Schematic illustration of PSF Facility. The pres-
sure vessel simulator and the thermal shield are located
outside of the aluminum pressure vessel (not shown) housing
the reactor core (courtesy ORNL).
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Fig. 2.2 Schematic illustration of the PSF Facility showing
the locations of the specimen capsules in simulated surveil-
lance and through-wall irradiation locations.
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s

3. MATERIALS

The re(crence plates are identified by composition, heat treatment and
initial strength level in Tables 1 and 2 (Ref. 12, 13). The A302-B plate
has seen extensive use in reactor vessel surveillance applications. Ref-
erences 12, 14, 15 and 16 contain extensive data compilations on notch
ductility and f racture toughness properties of this plate bef ore and af ter
irradiation. The metallurgical history of the A533-B reference plate is
given in detait in Ref.13. This plate is servi'g as a reference material
tr. the International Atomic Energy Agency's coordinated program on the
behavior of advanced reactor pressure vessel steels under neutron irradt-
ation (Ref. 17). Less extensive irradiation ef fects data are available in
this case and are comprised largely of test r eact or experiment findings

'

(Refs. 18, 19). s

It should be noted that the materials dif fer considerably in their content of
copper (an Onpurity) and nickel (an alloying element). (See Tables 1 and 2.)
A high copper content in pressure vessel shels is known to be detrimental to
radiation embrittlement resistance at 288'C (Ref 3,4). Nickel alloying in
amounts of 0.4% Ni or'more reinforces or tregnifies the undesirable raf fect of
copper on radiation resistance fRef. 20). For new reactor vesselt., the aim
is to ' employ stee.ls and weld metals having copper contents less than 0.10%
Cu (Ref. 4). A low .posohorus content (0.0LO% max) also is known to be
desirable for applic/.clocs recuiring superior radiation resistance (Ref. 3).

,

%

Table d. Chamical Composition, lleat Treatment and Tensile Strength
of A302-h Reference Plate (Code'F23)

~

.

A. Chemical Composition (wt-%)

C Mn\ Si P S Ni Cr Mo su Ti Sn V

0.24 t.34 ' O.23 0.011 0.023 0.18 0.11 0.51 0.20 0.015 0.037 0.001

B. lleat Treatment 's

899'U-6 h, water quenched;
649'C-6 h, air cooled s,

,

C. Tensile Strength (24*C)

\ Yleid Strength * 481.9 MPa
Yield Strength Range 455 to 495 MPa (Ref. 12)
Ultimate Strength 659.8 MPa ,

ilitimate Strength Range 611 to 650 MPa (Ref. 12)
- -.

* Single determination
s s( .

A s

s

4
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Table 2. Chemical Composition, Heat Treatment and Tensile Strength of
A533-B Reference Plate (Codes 3PS,3PT, 3PU; HSST Plate 03)

i

A. Chemical Composition (wt-%)

C Mn Si P S Ni Cr Mo Cu

0.20 1.26 0.25 0.011 0.018 0.56 0.10 0.45 0.12

. B. Heat Treatment

843 to 899'C-4 h, water quenched; |
: 649 to 677'C-4 h, air cooled;
! 607 to 636*C-20 h, furnace cooled

C. Tensile Strength (24*C)*

: Yield Strength 447.5, 458.5 MPa
Yield Strength 457, 460 MPa (Ref. 13)
Ultimate Strength 641.2, 641.2 MPa,

| Ultimate Strength 624, 626 MPa (Ref. 13)
?

|

* Duplicate tests
!

4. SPECIMEN DESIGNS

Standard Charpy-V ( ASTM Type A) specimens,12.7 mm and 25.4 mm thick compact
tension specimens (0.5T-CT and IT-CT) and 4.52 mm diameter tension specimens
were selected for making notch ductility, fracture toughness and strength,

; determinations, respectively. Specimen designs are shown in Figs. 4.1-4.4.
; The compact tension specimens were fatigue precracked in accordance with

ASTM Standard E 399 specifications (Ref. 21) before irradiation. Here the
i 12.32 and 24.13 an deep machined notches were extended by fatigue pre-
| cracking to total notch depths (ain) of 13.59 and 26.57 mm, respectively,
i providing a final nominal crack depth-to-specimen width ratio (a/W) of 0.53.

The stress intensity factor range, AKg, for the last 0.76 ass of fatigue,

precracking was required to be less than 24 MPa /ii~ Side grooving of4

the CT specimens when used, was performed after irradiation.,

I

The Cy and tensile specimens were removed f rom the 152 mm (6 in.) thick
: A302-5 plate in two layers spanning the quarter thickness plane and from

the 304 mm (12 in.) thick A533-B plate in four layers spanning the
quarter thickness plane. The 0.5T-Cr specimens were removed from both

; plates in two layers while the IT-CT specimens were taken in one layer
j centered over the quarter thickness plane. For the A302-B plate, the

specimens represent the longitudinal (LT, strong) test orientation. The
decision to use the LT orientation and not the transverse (TL, weak) test
orientation was to avoid a potential problem in postirradiation analysis
stemming from the relatively low preirradiation C, upper shelf level
(~68 J) in the TL orientation. The upper shelf level of the A533-8
plate in the TL direction in contrast, was suf ficently high for specimens

i

I

6

|

f
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to be taken in this orientation. Currently, the TL orientation is that
orientation selected for reactor vessel surveillance (Ref. 5).

For the irradiation -of tensile specimens, close fitting steel shrouds were
placed over the gage sections to aid heat transfer and to aid the uniformity
of neutron flux conditions throughout the irradiation capsule. Likewise,
filler plugs were placed in the notches and pin holes of the CT specimens.

5. MATERIAL IRRADIATION

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

The irradiation histories and target fluence conditions of the five cap-
sules are summarized in Table 3. The exposure time of capsule SSC-1 was
adjusted to provide a fluence matching that of the Wall-2 capsule located
in the quarter wall thickness position. The exposure time of capsule SSC-2
was similarly adjusted to match its fluence against that of the Wall-1 cap-
sule located at the wall inner surface. The Wall-1, Wa11-2 and Wall-3 cap-
sules were irradiated simultaneously and were exposed for the same time
period. In turn, the spread in fluences between these capsules reflect
normal flux attenuation conditions through a vessel wall.

Table 3. Capsule Irradiation Conditions

Capsule No. PSF Location Irradiat.icn Time MW Hours Target Neutron
(Hours at Power) Exposure Fluence

2(n/cm , E > 1 MeV)

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

SSC-2 Thermal Shield 2,845 64,700 6 x 1019

Wa11-1 Simulator 18,748 430,000* ~ 6 x 1019
(Surface, OT)

.

Wall-2 Simulator 18,748 430,000 3 x 1019
(Quarter T)

Wall-3 Simulator 18,748 43C,000 ~ 1. 5 x 1019
(Half T)

* Approximate

10
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Specimen and material contents of the individual capsules are shown schemat- r
"

ically in Figs. 5.1-5.5. Individual materials are identified by a code
number. Code F23 was assigned to the A302-B plate. Code numbers 3PS, 3PT
and 3PU designate the A533-B reference plate and, in fact, are code identi- -

fications carried over f rom the sectioning of the original plate (Ref.13).
Irradiation temperatures for all specimens are assumed to be 288'C for the
data analyses presented in this report. 1

m
,

6. CHARPY-V ASSESSMENTS *

J

6.1 Procedure --

Tests were performed on two impact test machines verified for accuracy
against calibration standards supplied by the Army Materials and Mechanics -

Research Center ( AMMRC). One machine, located at the Naval Research Labor-
_[

,

atory, was used for preirradiation condition (reference) tests and for tests
of the capsule SSC-1 specimens. A second tester, located at the Nuclear g
Science and Technology Facility of the State University of New York (SUNY) y
at Buf f alo, was used for the balance of the C specimens. The SSC-2, Wall-1, ;y

Wall-2 and Wall-3 specimens were tested concurrently.

Specimen energy absorption and lateral expansion were determined in each h
test; in addition, applied load vs. time-of-fracture records were made g
using a Dynatup system, for future NRC studies. Data listings for the two E

materials by capsule number are given in Appendix A. Preitradiation test -

results are illustrated in Figs. 6.1 and 6.2. Postirradiation energy ab- ]
sorption vs. temperature trends are compared against preirradiation results --

in Fig. 6.3-6.12. 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-ef fects 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 and 5. w

-

6.2 Unirradiated Condition ;-

Referring to Fig. 6.1, good agreement in properties between layer 1 and
layer 2 is observed for the A302-B plate. This will be seen to have
special importance to the postirradiation data analyses. The 41 J temper-
ature is -4*C (25*F); the upper shelf energy level, taken at 260*C, is 108 J "_
(80 ft-lb). Full shear fracture behavior developed at about 60*C at an ~

average energy level of 103 J.
.

M
Tests of the A533-B plate (Fig. 6.2) showed a comparable transition temper- --

ature , -1*C ( 30* F), but a much higher upper shelf energy level,150 J (111 i
ft-lb). Good agreement of properties between specimen layers is also found -

here. 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). _-

x
$

|
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Fig. 6.10 Charpy-V notch ductility of the A533-B plate before and after
irradiation in capsule Wall-1.
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Fig. 6.11 Charpy-V notch ductility of the A533-B plate before and af ter
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Tchio 4 Summary of Obssrvaticas en Notch Ductility cf A302-B Picta

Transition Temp (*C) Irradiation Increase (A*C) Upper Shelf IrradiationIrradiation
Level DecreaseCapsule 41 J 68 J 0.89 mm 41 J 68 J 0.89 mm J an AJ Amm

Unirradiated -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.) 78 99 97 82 78 89 86 1.27 23 0.33

SSC-2 90 104 99 94 83 92 75 1.19 33 0.41

. Wall-1 77 96 90 81 75 83 80 1.30 28 0.30

Wall-2 63 85 74 67 64 67 81 1.32 27 0.28

Wall-3 46 77 63 50 56 56 81 1.42 27 0.18

U$
Table 5. Summary of Observations on Notch Ductility of A533-B Plate

Transition Temp (*C) Irradiation Increase (A*C) Upper Shelf Irradiation
Irradiation Level Decrease
Capsule 41 J 68 J 0.89 mm 41 J 68 J 0.89 na J mm AJ Amm

Unirradiated -1 24 13 - -- 150 2.18 - --

SSC-1 60 88 82 61 64 69 115 1.68 35 0.50

SSC-2 80 107 99 81 83 86 106 1.73 44 0.45

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

Wall-2 68 93 85 69 69 72 a 1.68 a 0.50

Wall-3 52 79 66 53 55 53 125 1.93 25 0.25

aNot established because of data scatter
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6.3 Simulated Surveillance Capsules

!

Data for capsules SSC-1 and SSC-2 are given in Figs. 6.3, 6.4, 6.8 and 6.9.
The fluences received by the A302-B and A533-B specimens in capsule SSC-1

19 19! (C and tensile specimens) were, respectively, 2.87. x 10 and 2.66 x 10
2n/cm , E > 1 MeV based on present calggiations. Fluence estimates for the

materials in capsule SSC-2 are 5.6 x 10W and 5.2 x 1019 2n/cm , respectively.
; As expected, the A302-B plate showed a greater embrittlement in terms of

the 41 J transition tempe rature elevation than ' the A533-8 plate. The
!- greater radiation ef feet to the former is consistent with its higher copper

content (0.21% vs. 0.12% Cu) and its somewhat higher fluence.;

In each figure, data f rom specimens contained in the lef t hand compartment of
the capsules are separately identified f rom data for specimens in the right

| hand compartment. Referring to Fig. 6.3, specimens of the A302-B plate con-
, tained in the left compartment (group 1) indicate a dif ferent postirradi-
| ation notch ductility compared to specimens contained in the right compart-
| ment (group 2). The low data scatter suggests that the difference is real.
j The occurrence of the two separate data patterns cannot be attributed to
| neutron finence dissimilarities but may be some unknown reflection of the
| specimen locations in the parent plate.- Specimens forming group 1 were
; from plate thickness layer 1 only; specimens forming group 2 were from
! plate thickness 2 only. In Fig. 6.1, unieradiated condition tests of these

two adjacent thickness layers indicate identical properties making the
postirradiation difference in . notch . ductility anomalous. The anomaly is
compounded by the fact that the specimens for individual capsules were,

'

intentionally randomized within the total specimen complement to avoid
introducing any across plate bias. Overall, the dif ference in transition,

behaviors is small and average behavior was used for capsule-to-capsule
j comparisons. In the case of upper shelf behavior, the difference was
{ 1argest for capsule SSC-1, intermediate with capsule Wall-2 and small for

'

capsules SSC-2, Wall-1 and Wall-3. In the following discussion of data,
: average properties are- assumed for the A302-B material unless noted other-
i wise.
!

i Three important observattons result from the data of capsules SSC-1. and
| SSC-2. First, the irradiation effect to the A302-8 plate, as stated, was
j greater than the irradiation effect to the A533-B plate. For example,
, (capsule SSC-1), the former shows an average 41 J temperature elevation of
f 82*C compared to 61'c for the latter. Secondly, the doubling of the
j fluence exposure of the materials (capsule SSC-2) produced only a small
[ (almost negligible) additional 41 J temperature elevation. That ' of the
j A302-B plate was increased further by only - 12*C; that of the - A533-B plate

,

'

! was increased by only 20*C. Lastly, findings for both capsules are in.
) general agreement . with observations made 'previously for these materials
i when irradiated in test reactor experiments, in-core. Figure 6.13 shows the
i SSC-1 and SSC-2 results : entered 'on data ' trends developed from in core
! irradiations. At both fluence levels, the 41 J temperature elevations of
! the A302-8 plate agree well with the embrttelement trend for this plate
j established earlier. The small difference in embrittlement between the
; SSC-1 and SSC-2 exposures also is predicted well by the in-core results.

i.
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material. Good agreement at both fluence levels is indicated.
Data for the A533-5 plate with 0.12% Cu fall in the lower
portion of the data trend for A533-B plates with >0.15% Cu
-and agree with projections.

!

,

31

._.



_ _ _ _ _ _ _ _ _ _ _ _ _ _

Not shown, a test reactor irradiation of the A533-B plate to -1.5 x 1019
n/cm2 at 288'C produced a 41 J temperature increase of 56'C (Ref. 6). The
SSC-1 result is consistent with this earlier finding when the fluence
difference is considered.

Discussions of the relative effects of irradiation on the upper shelf level
and on the 68 J and 0.89 mm transition temperatures are presented in later
sections (see Intercapsule Comparisons and Embrittlement Assessments by
Alternative Indices). '

6.4 Wall Capsules

Figures 6.5-6.7 and 6.10-6.12 depict data obtained from the three wall cap-
' sules. The 41 J transition temperature elevations for the A302-B and A533-B

specimens contained in capsule Wall-1 were 81*C and 75'C, respectively.
Corresponding determinations for specimens irradiated in capsule Wall-3
were only 31*C and 22'c lower, revealing that the gradient in fracture
resistance with wall depth (surface to the mid-wall) is neither sharp nor
dramatic. Percentage-wise, however, the differences with wall depth are
much higher, i.e, 38% ( A302-B) and 29% ( A533-B).

Of additional interest to this investigation, note that the two plates have
about the same transition temperature elevation, i.e., apparent radiation
sensitivity, at each of the three wall capsule locations. This is in clear
contrast to the difference in apparent embrittlement sensitivity found with
the simulated surveillance capsule irradiations. Whether or not this
change in relative behavior arose from the much longer exposure time of
the wall capsules is a key question.

For the A302-8 plate, essentially the same upper shelf levels were observed
in the Wall-1, Wall-2 and Wall-3 capsule tests. From lateral expansion data,
the upper shelf toughness levels of the A533-B plate would appear to be the
same enly for the Wall-1 and Wall-2 treadiations. The higher upper shelf
toughness for the Wall-3 capsulo may or may not be a simple manifestation of
biased data scatter. On this point, the high (upper shelf) data scatter for
the A533-B plate with the Wall-2 tests cannot be explained but illustrates
well a problem which can be encountered when too few specimens are provided.
Many early reactor vessel surveillance programs likewise had only limited
specimen numbers.

6.5 Intercapsule Comparisons

The data f rom the two sets of capsules (surveillance vs. wall) are in good
agreement in showing that the difference in transition temperature eleva-
tions between ~3 x 1019 and a 6 x 1019 n/cm2 in not large for these partic-
ular materials. In turn, the fluence attenuation with wall depth between
surface and quarter thickness positions does not translate to a dramatic
gradient in fracture toughness in the general sende.

One primary objective of the five capsule series, both f rom the standpoint
of neutron physics calculations and the stuadpoint of metallurgical corre-
lations, was to see how well data f rom capsule SSC-1 predict the irradiation
effects to the quarter wall thickness location (capsule Wall-2), and how
well data f rom capsule SSC-2 predict properties at the wall inner surf ace

<
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(capsdie Wall-1).'[ Appropritts comparisons are made in Table 6. In the
case of' the A302-B plate, the surveillance capsule data tend to over-
predict the transition![emperature elevation for the wall location in
both instances. The amont of ovgrprediction however is ~20'C or less
regardless of the br?ttis/ ductile transition index used (41 J. 68 J or

0.89 mm). With the A533-B plate, the agreevent is even closer, within
~ 10 'C . Mpper shelf energy changen also ate predicted well, i.e.,

are within about 7 J or 5 f t-th for' both steels.
s

The results permit a conclusion that surveillsace capsule results indi-

cate reas,onably well the radiation ef fects to surface and quarter wall
thickness locations for A302-3 and A533-B materials of the types rep-
resented here. Where signif! cant dif ferences are observed, i.e., >10*C,

the SSC data appear to be on the conservative side,'i.e. , show a greater
embrittlement than that experienced in the wall itwelf.

6.6 Embrittlesent Assearaent by Alternative Co Indices

Table 7 is a summary comparison of absolute trans1Llon temperatures and
transition temperature elevations ( AT 's ) indexed to the C 68 J tem-y
perature and the C 0.89 mm temperature as alternatives to the Cy y
41 J temperature. Typically, the 0.89 mm te nperature is higher than
the 41 J temperature but is lower than the 68 J temperature. Of greater
interest here, the 6G J temperature elevat@ ns are found about equal to
the corresponding 41 J temperature elevattous.' The , dif f orences are
no greater than 11'C and are 6'C or less in most cases. Likewise, the
0.89 mm temperature elevation by irradiation was nearly equal to the
41 J temperature elevation, i.e., within 8'C. Accordingly, the ranking
of the irradiation effect by capsule ' location for the two plates is
quite independent of thc C indexing procedure selected (41 J, 68 J ory
0.89 mm temperature). The close agreement of the 41 J and 68 J trariai-

'clon temperature elevations noted is consistent with obeirvstions for
several other steels (Ref. 15). On the other.btnd, this n ar.e study
found a bias toward a greater 0.89 mm transition ! temperature elevation
ompared to the 41 J temperature ekvation on the' order 'of 15' to 20'C.

7. TENSILE PROPERTIES DETERMINATIOM w
' ' '

7.1 Procedurc

Tensile properties were establi.1hed using button-head specim'Ws' machined
f rom selected C specimen blanka (Fig. 4.4). All toits were conducted, y

'

' at a loading rate less than 690 HPa/ min. based on the 's19e of the
load-extension curve in the clar Lic region. Opacinni strain was not
monitored using an extensomete r; instead, ' elongation jf 'the ga le
section was monitored from terc machine , actuator dispideement. In

| Fig. 4.4, the uniform gage 1 math is shown to (e 31.7 5 mm. For decer-
minationn of the 0.2% effset yield st renPAh, , however, an, ef f ective
gage Inngth of E l ma'wa( _ nanumed in order to . account fully the the
specinen's reduced section~ and for a portinp pf t(e < radias . blen ts.
\, y ),' 'r, - i

All tests were pe#ormed on a 55 metric ton PfrS'servohydrelic test
machina. Load cel(calibration was performed within ogs year of ;the
present tests. . A calibration recheck using shunt,'reststors was made

'
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Table 6. Comparison of Simulated Surveillance and Wall Capsule Observations
(Matching Fluence Conditions)

Capsule Fluencea 41J Temperature 683 Temperature 0.89 mm Temperature Upper Shelf Energy
( #C) ( fC) ( fC) ( d J)

A302-B Plate (Code F23)

-l
SSC-1 2.87 82 78 89 23

Wall-2 ~ 2.9 67 64 67 27

Difference 15 14 22 (-)4
SSC-2 5.6 94 83 92 33

Mall 1 5.6 81 75 83 28

y Difference 13 8 9 5

A533-5 Plate (Codes 3FT 3PU)
$5C-1 -2.66 61 64 69 35

Ma11-2 2.7 69 69 72 35b

Difference (-)8 (-)5 (-)3 Ob

SSC-2 5.2 81 83 86 44

.Wa11-1 5.2 75 78 80 44

Difference 6 5 6 0

a x 1019 afe 2, E > 1 MeV (approxieste)
b Estimated based on lateral expansion data
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Table 7. Comparison of Irradiation Effect Assessments
by Alternative'C Indices -

y

__ .
._

4 ,;.
~,.

Comparison A302-B Plate A533-B Plate
'

(Code F23) (Codes 3PT, 3PU)s

y'

AT68J vs. AT41J - - AT41J > AT68J AT41J ~ AT68J
(by ll*C max.) (within 3*C)

,.

AT .89m vs. AT41J AT41J <> ATO.89mm AT41J % ATO.89O
(by 8'C max.) :(within 8'C)

.I

AT .89m vs. AT68J AT68J < AT .89 tan , AT68J - AT .89 -O O O
(by 11*C Max) (within 6*C).

T .89mm < T68JT .89mm < T68J.T .89m vs. T68J 000
,

T .89m > T41J. T .89mm > T41JT .89mn vs. T413 000
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immediately before each test. Likewise, a calibration recheck of actuator
deflection was performed before the test series commenced and was verified
again af ter the tests were completed. Specimen load vs. actuator deflection
was recorded simultaneously on two X-Y plotters. One plotter recorded the
entire applied load vs. deflection history through to specimen f ailure. The
second plotter provided an expanded load vs. deflection record which was j

stored digitally via a computer-controlled data acquisition system.
~

7.2 Observations

Tensile property determinations are listed in Tables 8 and 9 and are shown
graphically in Fig. 7.1. The results represent computer analyses of the
stored digital data, and were verified through comparisons with the analog
X-Y recorder plots. At this time, percent elongation and percent reduction
in area measurements are not available. These measurements will be included
in a follow-on report to be issued by MEA.

Referring to Fig. 7.1, the data show the expected increase in yield and ten-
sile strengths with increasing fluence. The strength changes and strength
differences overall are small. Tensile strength change was least with !

capsule Wall-3 and greatest with capsule SSC-2. The changes with capsule l

Wall-2 were somewhat greater than those of Wall-3 but were less than those
observed with capsule Wall-1 or capsule SSC-1. The reason for the some-
what high degree of scatter has not been ascertained but is not due to
plate sampling location or testing procedure, i.e., specimens we re from
one small volume of material and were tested concurrently. l

.

l8. FRACTURE TOUGHNESS ASSESSMENTS '

8.1 Procedure
.

|

Initiation fracture toughness in the brittle-to-ductile transition regime !

was determined from the J integral-R curve; the R curve was determined by
the single specimen compliance (SSC) technique for crack extension evalu-
ation. The SSC technique is described in detail in Ref. 22 and 23. In
brief, this technique determines specimen crack extension by means of small
specimen unloadings (~10 to 15 percent) at regular intervals during test-
ing. Because these unload and reload segments are conducted under elastic
conditions (even though the specimen may have undergone extensive plastic
deformation), the change in crack length from one unloading to the next
can be inferred through a change in specimen compliance (EB6/P) where
E is Young's modulus, B the specimen thickness, and P and 6 the load and

I loadline deflection respectively. J values were computed using the modified
! version of the J integral known as Jg (Ref. 24) where Jg is given by:

a

3(Jn G) daJ=J -

M D Ba (1)
6p1o
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Table 8. Tensile Properties of.A302-B ASTM Ref. Plate

SPECIMEN TEST UPPER LOWER 0.2% ULTIMATE TEST

NUMBER TEMP YIELD YIELD YIELD STRESS RATE

STRESS STRES STRESS ,

-

._(*C) (MPa) (MPa) (MPa) (MPa) MPa/ Min
*

, , 1

Unirradiated Specimens

482 660
i F23-T22a 24

---
--- ---

SSC-1 Specimens<

581 710F23-T6a 24 ---
-- ---

,

. 611 756 ;F23-T23a 24 ---
--- --

F23-T1 163 511 500 507 643 627
499 646 645F23-T7 288 -- --

538 705 543
i F23-T16 288 - ---

SSC-2 Specimens

F23-T11 26 614 610 610 726 632

F23-T27 26 626 621 620 755 611>

F23-T13 163 552 548 549 682 660
-- --- 518 671 686F23-T5 288

559 727 669F23-T20 288 -- ---

,

Wall-1 Specimens

1

F23-T2 24 587 584 584 711 250
605 762- 503F23-T17. 24 -- ---

I F23-T28 163 556 553 556 703 648
516 675 643F23-T8 288 --- ---

538 712 661
; F23-T24 288 --- ---

|

Wa11-2 Specimens
f

; F23-T3 26 572 570 571 704 589
F23-T25 26 593 588 588 736 584'
F23-T12 163 519 517 519 658- '632

506 665 611F23-T9 288 -- --

527 697- 621F23-T18 288 --- ---.

Wall-3 Specimens

F23-T4 27 557 552 553 697 548

,
F23-T26 27

'

580 730 508-- . - -

! F23-T21 163 526. 522 523 677 646-
'496' 655- 599F23-T10 288 ---

517 697 646F23-T19 288 -- --
'

'

| |\ .

|

aTested at the U. S. Naval Research Laboratory

|
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Table 9. Tensile Properties of A533-B HSST Plate 03

__

SPECIMEN TEST UPPER LOWER 0.2% ULTIMATE TEST
NUMBER TEMP YIELD YIELD YIELD STRESS RATE O

STRESS STRESS STRESS l

('C) (MPa) (MPa) (MPa ) (MPa) MPa/ Min

Unirradiated Specimens

3PT-14A 24 448 641--- ---

3PT-14B 24 459 641--- --- ---

SSC-1 Specimens

3PT-la 24 567 715--- --- ---

3PT-10 24 577 568 573 710 599

SSC-2 Specimens

3PT-T5 26 609 606 606 744 610
3PT-8 26 601 591 595 720 606

Wall-1 Specimens

3PT-T2 27 601 585 585 734 250
3 PT-T11 27 582 576 577 725 627

Wall-2 Specimens

!3Pc-T3 26 562 552 552 707 568
3PT-T12 27 565 712 618 1

- ---

l
Wall-3 Specimens

3PT '4 27 534 687 598--- ---

3PT |13 27 548 536 543 690 610
\ \ '1 \ | \

aTested at the U. S. Naval Research Laboratory.
|

1
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where JD = deformation theory J, G = Griffith linear elastic energy re -
lease rate, a and a = the initial and cyrrent crack lengths, respective-c
ly, 6-6el " 001 " plastic part of the displacement. The equation incor-
porates corrections for crack extension and the tension component of spe-
cimen loading. A separate correction for specimen rotation was applied to
adjust crack length predictions (Ref. 22).

The crack extension resistance curve (R curve) is obtained by plotting Jg vs.
crack extension, 4, as shown in Fig. 8.1. The initiation fracture tough-
ness, JIc, (as defined by MEA) is determined in two ways. If the R curve
data do not extend beyond the 0.15 mm exclusion line due to a cleavage
failure interrupting the test, the value of Jg at cleavage is taken as JIc
(R curve, Type A). If the data cross the 0.15 mm exclusion line, Jte is
defined as the intersection of the R curve data with the exclusion line.
For cases where the R curve continues past the JIe point, the test may be
terminated by cleavage prior to crossing the 1.5 mm exclusion line (R curve,
Type B), or ductile crack extension may continue past the 1.5 mm exclusion
line (R curve, Type C). Crossing the 1.5 mm exclusion line, however, does
not preclude cleavage. Fractures in a cleavage mode have been observed in
other studies at crack extensions well beyond the 1. 5 mm exclusion line
but only in tests conducted at temperatures below the upper shelf as
determined from tests conducted under dynamic loading.

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

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

Only a few tests produced valid KIe reaults. For the remainder, an initi-
ation toughness, termed Kye, was computed from JIe as follows:

[EJIc/(1- f)]1/2 (2)K =
Jc

where Yis Poisson's ratio, taken to be 0.3. While all JIe values were
valid by- ASTM E 813, KJe computed from Eq. 2 should not be interpreted as
KIc. Instead, an_ estimate of KIe was obtained from KJe by means of the
" 6 c correction" described below.I
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Fig 8.1 Expanded R curve illustrating the power-law behavior exhibited
at small crack extension. With the MEA procedure, J1e is taken as that
value where the R curve intersects the 0.15 mm exclusion line. Conversely,
JIc is defined by ASTM Standard E 813 as the intersection of the blunting
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SCHEMATIC FRACTURE TOUGHNESS CURVE
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8.1.1 Side Grooving

Side-grooving of the CT specimen is necessary to obtain a straight crack-
'

front extension for tests in the upper shelf regime. A few tests in the
transition temperature regime were also conducted with side grooved speci-
mens to compare results against the smooth specimen data. The IT-CT speci-
mens (only) were side grooved by 10 percent of their thickness on each side
(20 percent total). The side grooves were machine i to a depth of 2.54 mm )

'u:ing a cutter with a 45' included angle and a 0.25 mm root radius. Each
groove was centered on, and parallel to, the plane of the machined notch. 1

'

For data analysis, the ef fective specimen thickness, B , used to calculatee
Jg is given by:

(B-B ) (3)N
B B= -

e

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

8.1.2 Ste Correction

With most of the CT tests, the toughness w s too high to measure KIe accord-
ing to ASTM E 399. Consequently, an initiation toughness (KJc) was computed
frcm the value of J at crack initiation, i.e., J1e (Eq. 2). Unfortunately,
data in the literature have shown that KJe generally overestimates Kic. A
similar observation had been made by Irwin in that the plane stress f racture
tcughness (K ) also overestimated Kic. Irwin developed an empirical. rela-c
tionship from which KIe could be estimated once K was known (Ref. 26):e

S + 1.4 B (4)B =
e te Ic

(Kycf g)2 (Kc/ %)whnre Qc = and S"
B c B

cnd q = 1/2 (yield stress + ultimate stress).
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Solving Eq. 4 for sic (1*e*, K1c), Merkle recently showed that reason-
able estimates of KIe could be obtained with Eq. 4 for cases in which both
K and Kie were known (Ref. 27).e

In the present study, it was assumed that K is substantially the same asyc
K and can be substituted for the latter in Eq. 4. On this basis, the Kc y
values were "d-corrected" to provide estimates of K The correctekIc.
values, provided in Tables 10 and 11, are substantially lower than K inyc
many cases. The "B-corrected" values will be denoted by K hereafter.8c

-

8.2 J-R CURVE RESULTS

The fracture toughness test results for the A302-B and A533-B plates are
listed in Tables 10 and 11, respectively. Plots of Kje vs. temperature for
the individual materials and irradiation capsules are also contained in
Appendix B. These figures 111tist rate the observed Kje data scatter and
the elevation in the Kje transition curve. The KJ 100 MPa 6 temperature
was used to index the transition for irradiation and preirradiation tough-
ness comparison.

Figure 8.3 is a summary plot for the A302-B plate and illustrates the rela-
tive increases in the transition temperature for the surveillance capsules
(upper graph) and the wall capsules (lower graph). Figure 8.4 combines
the data from the upper and the lower graphs. The transition temperature
elevations are 118'C. 102*C, 105*C, 92*C and 78'C respectively for the
SSC-2, Wall-1, SSC-1, Wall-2 and Wall-3 capsules, (see Table 12). The
ranking in general is commensurate with projections, based on the target
fluences.

Figure 8.5 is the summary plot for the A533-B plate. Figure 8.6 combines
the data in the format of Fig. 8.4. The ranking of SSC-2, Wall-1, Wall-2
and Wa11-3 data (Table 13) is the same as that for the A302-B material.
However, note that the A533-B data from capsule SSC-1 deviates somewhat
f rom the trend described by the A302-B findings. In the lower transition
region, the SSC-1 data are about equal to the Wall-1 data but in the upper
transition region, the SSC-1 data show less of a transition shift than that
observed for the Wall-1 capsule but approximately the same shift as the
Wall-2 capsule data. This anomaly could be due to temperature or fluence
dif ferences among the CT specimens within the SSC-1 capsule. Unfortunately,
fluence values (final) are not yet available f rom HEDL and ORNL for capsule
SSC-1.

Side grooving did not have a significant ef fect on the location of the brit-

tie-to-ductile transition for either material. For the A302-B plate, Fig.
8.3, data f rom the side grooved specimens define the upper temperature bound
of the transition thus indicating a slight bias to a higher temperature
transition. However, for the A533-B plate, Fig. 8.5 the side grooved speci-
men results are intermixed within the data scatter observed with the non-
side grooved (IT and 0.5T-CT) specimen tests.

Two side grooved specimens of the A533-B plate and three side-grooved speci-
mens of the A302-B plate were used to establish upper shelf toughness levels
for the unirradiated condition. The data indicate an inverse temperature
dependence which is more pronounced with the A302-B material. While both
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Table 10. J-R Curve Initiation Fracture Toughness Data (A302-5 ASTM Ref. Plate)

b bSPECIMEN TEST J K K 3 a/W Y1 ELD pgggIC JC 4CNUMBER TEMP STRESS STRESS

('C) (kJ/m2) (MPa 'v55) (MPa \Si) (mm) (M Pa) (MPa)

Unitradiated Specimens.

F23-22RC -75 13.7 56.4 52.7 25.4 0.542 546 650
F23-26RC' -35 69.6 126.6 84.5 25.4 0.548 508 612
F23-10Ree 0 138.4 177.5 --- 25.4 0.549 489 586*
F23-18RCf 95 113.3 158.5 --- 25.4 0.545 462 543

; . F23-14RCf 200 71.5 124.1 --- 2!.4 0.543 444 535
i

F23-60R -125 5.6 36.3 (35.5)d 35.4 12.7 0.554 611 71 2
F23-48R -100 14.8 58.9 51.8 12.7 0.537 577 680
F23-16R -85 26.3 78.3 61.2 12.7 0.541 558 662
F23-12R -75 50.8 109.0 71.8 12.7 0.490 546 650
F23-26R -75 23.4 73.7 58.7 12.7 0.555 546 650
F23-44R -75 40.4 96.9 67.9 12.7 0.555 546 650
F23-6R -60 43.7 101.0 68.3 12.7 0.522 531 635
F23-32R -50 38.9 93.9 65.5 12.7 0.558 521 625
F23-56R -50 82.9 138.4 78.2 12.7 0.555 521 625
F23-22R -40- 90.6 145.0 78.9 12.7 0.557 512 616

,. F23-68R -35 167.3 196.0 88.8 12.7 0.557 503 612
* F23-64R' -25 174.8 200.2 12.7 0.550 502 604---
I F23-2R' -15 271.9 249.3 12.7 0.555 496 596---

SSC-1 Specimens

~; F23-5R 0 14.1 56.7 (55.4)d 54.3 25.4 0.537 615 679
F23-13R. 30 32.1' 85.2 73.6 25.4 0.532 593 658
F23-9R 55 52.3 108.0 84.3 25.4 0.533 574 641,

F23-17R 60 49.5 105.4 82.8 25.4 0.533 572 638
fF23-21R.* 110 82.9 135.3 --- 25.4 0.545 538 606

F23-30R -80 4.5 32.4 (30.8)d 31.9 12.7 0.543 681 742
F23-40R -50 6.2 37.9 (34.5)d 36.8 12.7 0.551 '656 718
F23-52R -25 10.3 48.6 45.3 12.7 0.548 635 698
F23-15R 0 18.6 65.2 55.4 12.7 0.546 61 5 679

; F23-10R 30 31.1 83.9 63.4 12.7 0.554 593 658
F23-66R . 38 34.2 87.9 64.7 12.7 0.557 587 652.
F23-25R 45 23.8 73.2 58.3 12.7 0.535 581 647
F23-63R 55 66.9 122.6 75.2 12.7 0.536 574 640-
F23-42R' 60 133.0 172.6 12.7 0.556 572 638---

F23-20Re 75 129.2' 169.7 --- 12.7 0.563 561 627
,

i

SSC-2 Specimens
I

F23-2R 30 9.9- 47.3 (47.0)d 46.3 25.4 0.537 618 682
r

i F23-20R 55 25.3 75.4 67.9 25.4 0.537 603 667
F23-6R 60 36.0 89.8 76.4 25.4 .0.534 600 664
F23-28Rf 70 56.6 112.4 25.4 0.539 595 659

F23-54R- -50 7.3 41.2 (39.5)d 39.8 12.7 0.554 681- 742
F23-62R 0 7.5 41.4 (40.3)d 39.7 12.7 0.552 64 0 702
F23-38R. 30 26.0 176.6 61.2 12.7 0.552 .618 682
F23-29R 45 23.1 72.2 58.8 12.7 0.558 609 672

; F23-19R 55 36.6 90.7 66.5 12.7 0.562' 603 667'

F23-27R 60 41.8 96.8 68.6 12.7 0.588 600 664
i

F23-17R' 65 68.1 123.4 --- 12.7 0.565 597 661
F23-58Rf 70 97.0 147.1 12.7 0.552 595 659---

F23-7Rf 80 123.0 165.5
..

12.7 -0.562 589 653
---

I

a Beta corrected KjebEstimated value used for validity /inttiation determination
cSpecimen side grooved 20%
dNumber in parenthesis is valid E399 K valuegeeType B R Curve

'ffype C R Curve
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Table 10. Continued

T b b
B a/W Y1 ELD FLOWJg K K8PECIMFN TEST g JC #C

NUMBER TEMP STRESS STRESS

2('C) (kJ/m ) (MPa i/5) (MPa %55) (mm) (MPa ) (MPa)
Wall 1 Specimens

F23-1R 0 14.4 57.3(56.0)d 54.8 25.4 0.538 612 680

F23-15R 27 22.3 71.0 65.0 25.4 0.543 600 669

F23-19R 40 37.3 91.7 77.5 25.4 0.539 59 6 665

F23-27R 50 67.1 122.8 91.5 25.4 0.538 591 661

F23-23R 60 78.9 132.9 95.2 25.4 0.540 587 658

F23-67R -60 4.5 32.3(31.1)d 31.7 12.7 0.550 637 704

F23-1R -30 17.4 63.2 54 . 6 12.7 0.544 624 691

F23-5R 0 9.3 46.2 43.2 12.7 0.555 611 67 9

F23-11R 25 17.2 62.4 53.6 12.7 0.548 601 671

F23-43R 26 46.1 102.2 70.8 12.7 0.549 600 670

F23-39R 40 45.8 101.6 70.3 12.7 0.549 596 665

F23-21R 50 49.5 95.5 68.0 12.7 0.555 591 661

F23-59Rf 55 109.8 156.9 --- 12.7 0.538 589 660
F23-51R 60 68.0 123.4 'so.6 12.7 0.548 587 658*

5 F23-31Rf- 70 160.5 189.3 --- 12.7 0.550 583 655

Wall 2 Specimens

F23-16R -30 8.3 43.7(43.6)d 42.9 25.4 0.537 609 675
F23-30R -1 12.2 52.9(51.5)d 50.9 25.4 0.536 594 661

F23-12R 27 38.2 92.9 77.4 25.4 0.536 579 648
F23-4R 42 39.9 94.8 78.0 25.4 0.538 57 2 642
F23-8R 50 68.6 124.2 90.5 25.4 0.536 569 638

F23-45R -100 6.5 39.2(36.7)d 37.6 12.7 0.548 648 676
F23-61R -60 13.4 55.7 50.0 12.7 0.551 625 689

F23-53R -30 16.8 62.1 53.5 12.7 0.548 609 67 5

F23-8R 0 15.9 60.3 52.1 12.7 0.553 593 660
F23-23R8 15 24.3 74.3 59 .0 12.7 0.559 586 654
F23-13R 15 27.8 79.4 61.3 12.7 0.543 586 654
F23-3R 24 $5.6 112.2 72.9 12.7 0.550 585 651
F23-18R 38 38.0 92.6 66.0 12.7 0.554 574 643-
F23-55R 42 70.4 125.9 76.2 12.7 0.544 572 642
F23-47R. 50 129.7 170.1 86.2. 12.7 0.526 569 638;

'
Wall 3 Specimens

F23-3R -50 7.1 40.6(39.7)d 40.1 25.4 0.530 612 677
F23-29R -20 - 21.7 70.5 64. 5 25.4 0.544 596 662

F23-11R 20 37.9 92.6 77.1 25.4 0.534 576 645
F23-7R 40 59.5 115.8 87.2 25.4 0.542 568 637-
F23-25R 50 101.7- 151.2 99.2 25.4 0.542 563 632

! F23-65R -80 6.3 38.3(36.5)d 37.0 12.7' O.554 628 692-
F23-41R -50 ~16.0 60.8 52.8- 12.7 0.551 612 677

F23-4R -20 14.7 58.0 50.8 12.7 0.546 596 662

F23-9R 0 2$.9 76.9 .60.2 12.7 0.548 586 653
.

F23-14R 20 48.4 104.8 70.2 12.7 0.542 576 645

F23-57R 27 111.2 158.6 84.1 12.7 'O.546 574 642

F23-37R 34 99.4 149.7 81.8 12.7 0.525 570 638

F23-49R .40 60.9 117.2 73.5 12.7 0.542 568 637

F23-24R 50 166.2 193.2 90.1 12.7 0.548 563 632

F23-28R 60 155.3 186.5 88.6 12.7 0.543 558. 628

*Reta corrected Kje
b stimated value used for validity / initiation determinationE

cSpecimen side grooved 20% ,

d Number in parenthesis is valid E399 Kge value
eType 5 R Curve
IType C R Curve
g5pecimen tested at high rete.14.5 mm/ min.,.
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Table 11. J-R Curve Initiation Fracture Toughness Data A533-B HSST Plate 03E

b bSPECIMEN TEST J E K B a/W YIELD FLOW1C JC #C
NUMBER TEMP STRESS STRESS

|
2('C) (kJ/m ) (MPa \/B") (MPa VTn) (mm) (MPa) (HPa)

Unirradiated Specimens

3PT-5 -100 10.1 48.7(48.7)d 46.9 25.4 0.531 507 603
3PS-2c -75 23.3 73.7 62.0 25.4 0.541 495 591
3PT-7 -50 28.5 81.1 68.2 25.4 0.538 485 580
3PS-5c -30 35.8 90.7 69.0 25.4 0.546 475 571
3PT-6 -25 28.9 81.4 67.8 25.4 0.536 474 569
3PS-Ic 0 69.2 125.6 80.2 25.4 0.544 463 558
3PT-8 0 115.7 162.4 95.7 25.4 0.$34 463 558
3PS-3C 25 159.7 190.0 --- 25.4 0.545 454 548
3 PS-4e .''f 200 137.7 172.1 25.4 0.542 405 500---

3PU-39 -100 6.8 40.1 37.6 12.7 0.523 507 603
3PU-6 -75 10.3 49.0 43.6 12.7 0.556 495 591
3PU-22 -50 27.1 78.4 57.6 12.7 0.560 485 580
3PU-40 -50 14.2 57.4 48.2 12.7 0.536 485 580
3PU-28 -30 30.7 84.0 59.2 12.7 0.547 475 571
3PU-25 -25 53.9 111.2 67.4 12.7 0.546 474 569
3PU-5 0 81.8 136.5 72.8 12.7 0.550 463 558
3PU-23 5 84.7 138.9 73.1 12.7 0.554 461 556
3PU-7 15 166.1 194.1 83.0 12.7 0.553 457 552
3PU-38 15 311.9 266.0 93.3 12.7 0.549 457 552

SSC-1 Specimens

3PS-14 10 13.9 56.3(55.1)d 53.6 25.4 0.533 576 648
3PS-11 50 26.9 77.8 68.3 25.4 0.537 560 632
3PS-12 60 58.3 114.3 86.1 25.4 0.540 557 629

3PU-9 -50 7.3 41.1(39.3)d 39.2 12.7 0.554 601 674
3PU-21 10 12.3 52.9 47.4 12.7 0.567 576 648
3PU-13 50 46.3 102.0 68.6 12.7 0.548 560 632
3PU-33 60 136.4 174.8 86.4 12.7 0.539 557 629'

3PU-29f 70 185.5 203.5 --- 12.7 0.561 554 625
3PU-1f 100 179.3 199.3 -- 12.7 0.543 544- 61 6

[ SSC-2 Specimens
i

3PU-6 0 14.3 57.2(55.9)d 54.7 25.4 0.538' 610 677
3FS-8 60 41.3 96.2 79.3 25.4 0.536 588 654
3PU-7 80 29.3 80.8 70.6 25.4 0.537 581 647

3PU-37 0 23.0 72.4 59.0 12.7 0.556 610 677
3PU-17 30 16.6- 61.3 52.8 12.7~ 0.550 599 665
3PU-16 60 35.3 89.0 65.2 12.7 0.551 588 654
3PU-30 70 48.7 104.4 70.4 12.7 0.544 585 650
3PU-8 80 25.3 75.2 59.2 12.7 0.552 581 647
3PU-32f 100 181.2 200.3 ___ 12.7 0.541 575 641

88 eta corrected Kye
DEstimated value used for validity / initiation determination ,

i

CSpecimen side grooved 20%
!dNumber in parenthesis is valid E399 K valuege j* Type B .R Curve
!IType C R Curve I

|
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Table 11. Continued

D bSPECittEN TEST J K E B a/W Y1 ELD FLOW1C JC BC
NLHBER TEMP STRESS STRESS

2('C) (kJ/m ) (MPa Ym) (MPa W) (mm) (MPa ) (MPa)

Wall-1 Specimens

3PS-10 0 9.4 46.4(46.1)d 45.4 25.4 0.545 595 668
3PS-9 60 54.9 110.9 85.7 25.4 0.538 573 645
3PS-15 80 185.2 203.1 113.7 25.4 0.543 566 638

3PU-18 -60 5.2 34.8(33.1)d 33.9 12.7 0.552 621 695
3PU-10 0 11.2 50.7 46.3 12.7 0.539 595 668
3PU-14 60 42.9 98.1 68.1 12.7 0.544 573 645
3PU-2 80 86.9 139.2 79.3 12.7 0.542 566 638
3PU-26f 100 196.2 208.4 -- 12.7 0.553 560 632

i

Wall-2 Specimens

3PS-13 0 25.3 75.9 67.6 25.4 0.538 567 645
3PT-1 38 28.3 79.9 69.5 25.4 0.542 554 630
3PS-16e 65 166.3 192.8 --- 25.4 0.539 544 620

1

3PU-19 -60 7.7 42.3(39.6)d 40.1 12.7 0.542 594 671 ,

'

3PU-11 0 11.2 50.7 45.8 12.7 0.548 567 645
3PU-35 26 44.0 99.8 67.2 12.7 0.553 558 620 j

3PU-15 38 47.5 103.5 69.0 12.7 0.547 554 630 ,

3PU-27 50 76.1 130.8 76.3 12.7 0.542 549 625 l

3PU-3 65 117.7 162.3 83.1 12.7 0.534 544 620

Wall-1 Specimens

3PT-4 -20 13.8 56.3 53.4 25.4 0.540 556 633
3PT-3 25 27.5 79.0 68.4 25.4 0.543 539 615
3PT-2 60 126.3 168.2 101.4 25.4 0.539 526 602

3PU-36 -80 5.9 37.2(34.9)d 35.9 12.7 0.550 584 661
3PU-20 -50 12.7 54.3 48.7 12.7 0.548 570 647
3PU -12 0 24.9 75.3 58.4 12.7 0.540- 548 625
3PU-31 26 76.4 131.5 75.7 12.7 0.550 538 614
3PU-4 50 73.2 128.2 74.3 12.7 0.543 530 605
3PU-24 60 152.2 184.7 85.9 12.7 0.548 526 602

* Beta corrected Kje
bEstimated value used for validity / initiation determination
cSpecimen side grooved 20%
dNumber in parenthesis is valid E399 K valueye' Type B R Curve
fType C R Curve
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Fig. 8.3 Static initiation fracture toughness data for
the A302-B plate illustrating the relative increase in
brittle-to-ductile transition temperature for the surveil-
lance capsule material (upper plot) and wall capsule
material (lower plot).
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Table 12. Summary of A302-B Fracture Toughness Brittle-to-Ductile Transition

Irradiation Transition Temperature Index (*C) Transition Temperature Shift (*C)
Capsule KJc K ge Kyc K

Sc
__

75a loca 150a 75a loca 75b toob 150b 75b toob

Unitradiated -77 -56 -35 -48 -6 -- ---- --- ---

SSC-1 25 49 68 50 83 102 105 103 98 89

SSC-2 43 62 76 63 87 120 118 111 111 93

Wall-1 25 46 65 44 64 102 102 100 92 70

Wall-2 17 36 50 36 56 94 92 85 84 62

Wall-3 0 22 45 24 55 77 78 80 72 61
I I I I l | I |

a MPa 4 level where the transition temperature is indexed.

b MPa E level where the increase in temperature of the transition is determined.

i
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Table 13. Summary of A533-B Fracture Toughness Brittle-to-Ductile Transition

<

Irradiation Transition Temperature Index (*C) Transition Temperature Shift (*C)

K
Capsule KJc- K KJe gegc

75a loca _150a 75a loca 75b toob 150b 75b loob
I

*
-

Unirradiated -48 -23 6 -11- 27 - --

SSC-1 32 49 65 52 74 80 72 59 63 47

.SSC-2' 50 74 95 74 100 98 97 89 85 73

Wall-1 34 57 80 59 79- 82- 80- 74 70 52

Wall-2 13 36 62 45 66 61 J 59 56 56 39 |
L

U
Wall-3 6 .33 57 36 61 54 56 51 47 34

I
) } ,

\ | \1 1

a MPa f level where.the transition temperature is indexed..

MPa f level where the increase in temperature of the transition is determined. jb

t

"

|.

i
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Fig. 8.5 Static initiation fracture toughness data for the
A533-B plate illustrating the relative increase in the brittle-

to-ductile transition temperature for ti.e surveillance capsule
material (upper plot) and wall capsule material (lower plot).
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steels exhibit an upper shelf toughness of 490 MPa E at the onset of the
upper shelf, the toughness at 200'C is 130 MPa f and 170 MPa E for the
A302-B and A533-B steels, respectively.

Only one irradiata apecimen was side grooved. This specimen (A302-B
material f rom capsule SSC-1) tested at 110*C or just beyond the onset of
the Kje upper shelf, indicated a shelf drop of 12 percent.

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

One 0.5T-CT A302-8 specimen f rom wall capsule 2 inadvertently was tested
dynamically, due to a test system malfunction. The testing rate was on
the order of 4,300 MPa 6/ min., one hundred times higher than that of
the remaining tests. The test temperature corresponded to the low tough-
ness portion of the transition region and the specimen f ailed by cleavage
eithout any stable ductile crack extension. The load vs. deflection record
was linear. Jic, calculated from this record, did not reveal a significant
rate effect. The datum fell within the data scatter band obtained with the
slower rate (0.5T-CT and 1T-CT) tests.

8.2.1 Qe Correction

The application of the %e correction to the fracture toughness results
for the A302-B plate is illustrated in Fig. 8.7 and 8.8. The effect of
the he-correction is to depress the Kje values in every case. The magni-
tude of the correction is directly related to the KJc magnitude and is
inversely related to the flow stress. Both of these quantities have a non-
linear effeet on the magnitude of the correction. In other words, a
percentage decrease in flow stress yields a greater percentage decrease in
KJc, while a percentage increase in Kje value would yield a greater percen-
tage decrease in magnitude due to the %c-correction. The comparative
effect of the kc correction is to decrease KJc values in the upper tran-
sition region by a greater percentage than values in the lower transition
region, and also to decrease unirradiated values by a greater percentage
than irradiated values.

As indicated in Fig. 8.7 and 8.8 for the A302-B plate and in Fig. 8.9 and
8.10 for the A533-B plate, many of these K g data do not extend above
100 MPa E Therefore, indexing the transition temperature at 100
MPa E may yield inaccurate results due to the necessity to extrapolate
the curves to reach that level.

Table 12 (A302-B) and Table 13 (A533-B) list the transition temperatures
and the transition temperature shifts for both the K and K data.Je g
Indices of 75 and 100 MPa E are used for both the Kje and Kg data,
while an additional index of 150 MPa E is referenced for the KJe data.For both the A302-B and A533-B plates, the K g temperature at an index of
75 MPa f matches the Kje temperature at 100 MPa E very closely.
In all cases, the K & temperature at -100 MPa f is essentially equal
to or greater than the temperature at any of the other indices.
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Fig. 8.7. Kgc fracture toughness data for surveillance capsules (A302-B plate).
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On the other hand, the Kg transition temperature shifts are less than
i virtually all of the Kje transition temperature shif ts. This result confirms

that the %e-correction decreases unirradiated values more than irradiated
values. Further, the K g shift at 100 MPa 6 is always-less than the 75
MPa 4~ shift.

2

8.2.2 Comparisons with ASME Code

Article G-2000 from Section III; Appe"ndix G of the ASME Boiler and Pres-
sure Vessel Code defines a reference or KIR curve in terms of the RTNDT

or drop weighttemperature. The latter is indexed in terms of _either Cy
nil ductility transition (NDT) results,' whichever produces the higher

value for RTNDT. For the subject steels , _ the NDT temperature governs
RTNDT. The KIR curve is based on lower b'ound static, dynamic and crack
arrest K1 data for several steels, including A533-B Class 1, and is used
for design and safety analyses.

Figures 8.11 and 8.12 show the KIR curve indexed to the unirradiated condi-
tion drop weight NDT temperature, i.e., RTNDT, for the plates and the %e
corrected fracture toughness data (K g) for the unirradiated and irradi-
ated conditions. For the irradiated condition, the KIR curve was shif ted to
the right by an amount equal to the temperature elevation found in the C y

| (41 J) and CT (Kje, 100 MPa d) tests. It is apparent that the adjusted

KIR curve is indeed conservative for the irradiated as well as the unirradi-,

ated condition in each case. This observation was expected in that static
toughness as obtained in this program, is generally higher than the dynamic
toughness (i.e., the toughness values which form the KIR curve).

! Article A-4000 from Section XI, Appendix A of the ASME Boiler and Pres-
sure Vessel Code defines an additional reference curve which is founded

ic fracture toughness data for several steelson lower-bound static K
including A533-8 Class 1. In Fig. 8.13, this curve is shown referenced
to the NDT temperature of the A533-B HSST Plate 03 in the unieradiated
condition and shifted by an a nount equal to the transition temperature
elevations found in the C (41 J) and the Cr (Kje, 100 MPa E) tests.y
The reference curve appears to be unconservative in some cases based on
the data of Fig. 8.13, i.e., the K g data fall to the right of the
appropriate reference curve but only by 15'C at mcst. Further study of this
behavior is anticipated. It is emphasized that the data in the present

] case are all based on K g, as opposed to valid KIe data.

9. CT vs. C ASSESSMENTS OF IRRADIATION EFFECTy

test methods in their independentThe correspondence between the CT and Cy
determinations of the irradiation ef fect to the brittle-ductile transition
is illustrated in Fig. 9.1 for the Kje data and in Fig. 9.2 for the K g
data. In Tables 14 (A302-B) and 15 (A533-B), the KJg and K g data are
both evaluated in terms of the temperature at 100 MPaen. In the figures,
the left hand graphs compare the radiation-induced elevations of the C, and
CT test methods for the A302-B plate; the right hand graphs are a similar

j construction for the A533-B plate. Parallel comparisons for other temper .
! ature indices can be readily developed by referring to Tables 4, 5,12 and

13 for the Kje data. Initial discussion of these comparisons will concen-'

trate on the Kje data.
|
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Table 14. Comparison of CT vs. Cy Test Method Assessments of Irradiation Effect to
Transition Temperature for A302-B Plate

Transition Temp. ('C) Irradiation Elevation ( 8C)
|

Irradiation
Capsule (A) (B) (C) (C-A) (C-B) (D) (E) (F) (D-F) (E-F)

(KJc;I.00 (KSc (Kyc 100 (KSc 100100
Mfa da MPa 4I' 41 J MPa E~ MPadI 41 J

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

| I

Unteradiated -56 -6 -4 52 2 --- --- --- --- ---

$ SSC-1 49 83 78a 29a -Sa 105 89 82a 23a 7a

SSC-2 62 87 90 28 3 118 93 94 24 -1

Wa11-1 46 64 77 31 13 102 70 81 21 -11

Wa11-2 36 56 63 27 7 92 62 67 25 -5

Wall-3 22 55 46 24 -9 78 61 50 28 11

(average ) (31.8) (1.8) (24.2) (0.2)
__

a Average of left and right compartment data.
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Table 15. Comparison of Cr vs. C, Test Method Assessments of Irradiation Effect toTransition Temperature for A533-B Plate

.

Transition Temp. ('C) Irradiation Elevation ( fC)
Irradiation

Capsule (A) (B) (C) (C-A) (C-B) (D) (E) (F) (D-F) (E-F)(Kyc 100 (1K 100 (Kyc 100 (K 100ge
MPa f :1Pa f 41 J MPa [ MP f 41 JIndex) Index) Index Diff. Diff. Index) Index) Index Diff. Diff.I

O
Unirradiated -23 27 -1 22 -28 --- ---

i
-- - --

SSC-1 49 74 60 11 -14 72 47 61 11 -14

.SSC-2 74 100 80 6 -20 97 73 81 16 -8

Wall-1 57 79 74 17 -5 80 52 75 5 -23

Wall-2 36 66 68 32 +2 59 39 69 -10 -30

Wall-3 33 61 52 19 -9 56 34 53 3 -19

(average ) (17.0) (-12.3) (5.0) (-18.8)

|

_____ _ _ . _ - - _
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One observation from Figure 9.1 is that the 41 J temperature elevation has
a tendency to be less than the 100 MPa f temperature elevation from Kyc
tests. The trend is most apparent for the A302-8 plate. For this material,
the 41 J temperature elevation is, on average, about 24*C smaller than the
100 MPa E temperature lacrease (see Tables 14 and 15). With the A533-B
plate, the 41 J temperature elevations are lower by 3 to 16*C except for
capsule Wall-2 (discussed below). For purposes of this discussion, agree-

'

'
ment within 8'C is considered indicative of a 1:1 correspondence. This
assumption is felt to be realistic in view of the data scatter tendencies

, of the materials, the limited number of tests conducted for each capsule,
; and the probability for a fluence differe'nce between the C and CT specimeny

groups due to their particular locations in the capsule (See Figs. 5.1 ->

i 5.5).

The reason (s) for the noted dissimilarities of the C and CT irradiationy
effect indications is not yet clear. Analysis of the data, moreover, reveals

I points of inconsistency. For example, the A302-B data of Table 14 describe
a uniform trend. The results fer the A533-B plate, on the other hand, are
mixed. Here the 41 J temperature elevation is less than the 100 MPa E tem-

)
perature elevation for both SCC capsule irradiations, but for the wall
capsules the 41 J temperature elevation is either within 5'C of the 100
MPa E temperature increase or greater by 10*C. To further cloud the
issue, earlier tests of the A302-B plate (Ref. 15) af ter 3.6 x 1019 n/cm2
at 288'C did show close agreement of the two temperature elevations (within
7'C) for the same test orientation (LT) used here. At the same time, a 39'C
disagreement was observed when the plate was tested in the TL orientation
at a somewhat lower fluence of 2.7 x 1019 n/cm . A specimen orientation2

dependence has been ruled out. The early tests (Ref. 15)_ also produced,

I comparisons of transition temperature elevation for two other A533-B plates,
' an A508-2 forging and four submerged arc welds. In seven out of eleven

irradiation tests made, the 100 MPa E temperature elevation was found
to be much larger than the 41 J temperature elevation. To summarize, the
indications of both studies, the 41 J temperature elevation frequently does
not provide a conservative estimate of the measured 100 MPa E temperature
elevation by irradiation, from Kye tests.

Close examination of the data for the A302-B plate suggests that 288*C
irradiation decreases the tempe ra ture spread between the C and -K

In the irradiated condition (Table 14), the ' 41 J temperature in 'aNy
data.

cases . is about . 28'C higher than the K 100 MPa6 temperature. For theJe
unirradiated condition, the difference is 52*C or a factor of two,

! greater. For the A533-B plate (Table 15), on the other hand, the preirra-
; diation and postirradiation differences are nearly the same, i.e., about
j 17'C. The 6*C dif ference for capsule .SSC-2 and 32*C difference for~the'

j capsule Wall-2 are somewhat anomalous in view of the companion results for
this plate.

t

-After the application of the sic-correction, the comparison of CT and Cy
t ransiti on temperature shif ts does change. As indicated in Fig. 9.2,-in

j all bnt two cases the 100 MPa 6 transition temperature shift is less than
the related increase at 41 J. With ' the 75 MPa6 index, the K tempera-41Jskft,ture shift for 1the A302-B maserial is greater 'than the while
for the A533-B - plate ' the 41 'J shif t is larger in 'all but one case.- .From
Table 14 and 15, the KSc transition . temperature shif ts (at - 100 MPa6)' are
~ 23*C. .less on : average than the corresponding KJc. shift (at 100 MPaG)

68 '
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for each material. These decreases are a direct function of the greater
increase in temperature at the 100 MPa/-m level of the unirradiated curve
due to the S -correction as compared to the increase of the irradiated

Ic
curve.

The cumulative effect of the sic-correction is to take K data whichJc
indicates that C data are an unronservative indicator of irradiation
embrittlement, and give K data which indicates that C data are not ang y
unconservative indicator of irradiation embrittlement, at least for these

plates. For the A302-B plate, the K data (at 100 MPaG) match thetwo
41 J data very closely, while for the fSL-B plate the K data (at 100C Jey

MPa/m) match the C 41 J transition temperature increase better than they
K data. The concern now is to determine whether the K data or the K

Bc ac yc
behavior of the mate-data are the better approximation of the actual Kyc

rial. In particular, a dif ference of 23*C in transition temperature ele-
vation could be quite significant to certain older plants. For example,

i that change in temperature translates to 2.5 - 4 years of reduced opera-
tion for some older plants approaching end-of-life KIR temperatures.

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

A correlation assessment of the C and CT methods for the upper shelf regimey
was not possible. The CT specimens were side grooved for the unieradiated
condition tests but not for the irradiated condition tests; it has been
established that side grooved specimens typically exhibit a lower upper

| ohelf than nonside-grooved specimens (Ref. 15). The one specimen postirra-
diation tested at 110'C with side grooves, however, did indicate a 25 per-

,

| cent decrease in upper shelf toughness, in terms of Jte. The reader is

I referred to the studies by Loss and co-workers for information on the
tentative correlation between JIe and C energy and the correlation betweeny

energy (Refs. 15 and 23).the average tearing modu,1us and Cy

10. DISCUSSION

The C and tension tests of the remaining materials should provide valuabley
reinforcement of the notch ductility and strength trends observed here for
through-wall and surveillance locations.. The materials (two forgings and
two submerged arc welds) ~ as a group represent a - relatively broad range
of radiation sensitivities. Unfortunately, capsule space limitations pre-
cluded the irradiation of CT specimens f rom these materials as stated above.
Carrent concerns over weldment performance for older vessels, raised by
pressurized thermal shock (PTS) analyses and by low upper shelf 1 material
cnalyses, are indicative of' a need for through-wall CT data for representa-
.tive welds. In particular, high copper-high nickel content welds can
experience much larger transition temperature elevations than those seen
here for the A302-B and A533-B reference plates.

A relatively small dif ference between embrittlement levels of wall surface
and mid-wall positions was expected for the particular fluence range exam-
ined. The embrittlement' (AT trend) developed for the A302-B plate through
in-core 288'C irradiation tests'(see Fig. 6.13) shows that the rate |

69
,

;

|

|

< . . - , . -- - - -



. _ .

of embrittlement accrual is higher for fluences below 1-1.5 x 1019 n/cm2
than for fluences above this level. The emphasis of the present PSF study
on the higher of the two fluence regimes is consistent with its primary
objective of evolving or refining physics-dosimetry-metallurgy correlations
for near end-of-life (EOL) vessel conditions. EOL fluences on the inner
wall in many instances will range from 4 to 6 x 1019n/cm . Once the data2

for all six materials are analyzed, and depending on the direction of the
PTS analyses, the performance of a second set of experiments examining in
depth embrittlement for fluences below the knee of the embrittlement trend
curve may be in order.

The potential benefit of radiation effects attenuation with wall thickness,
seen as a retention of a tough outer wall ligament, would appear strongest
for the more radiation sensitive materials. Figure 10.1 taken from an,

earlier study (Ref. 28) illustrates this dif fe rence. The analysis shown
,

was developed on the basis of experimentally defined or projected embrittle- '

,

; ment trend curves for medium and high sensitivity cases. Within this frame-
work, high copper content welds would follow the "high sensitivity" trend
curves. The ASTM A302-B reference plate of Fig. 10.1 is the Code F23
material studied here. As noted, the crack arrest transition (CAT) occurs
closer to the wall surface for the "high sensitivity" case than for the
" medium sensitivity" case because of the dissimilar gradients of embrittle-
ment. The crack arrest transition (CAT), by definition is the fracture
transition elastic (FTE) temperature, taken to be 33'C (60*F) above the
drop weight nil-ductility transition (NDT) temperature. The relationships
in Fig. 10.1 obviously are not the same for fluence intervals below 1.5 x

; 1019 n/cm2 where rates of embrittlement accrual tend to be higher.

Two soinewhat unexpected observations were the difference in relative em-
brittlement between the A302-B vs. A533-B plates for short vs. long term,

irradiation times, and the inconsistency of upper shelf energy vs. upper |

shelf lateral expansion reductions with increasing fluence. Forthcoming {results from the forging and weld materials should help resolve these jobservations.
! |

11. CONCLUSIONS

Primary conclusions and observations from this study are enumerated.

1. The surveillance capsule results indicate reasonably well the irra-
diation effects to wall surface and quarter wall thickness locations. Cy
surveillance data were conservative where significant (> 10*C) differences
were observed; predictions of the 41 J transition temperature elevation were
within 15'C.

|

-2. Adjustment of the ASME Section III (Appendix G) toughness curve by the
radiation-induced elevation of the C 41 J temperature proved conservative

|y

when compared against experimentally derived, K & data. l

3. ' Adjustment of the ASME Section XI (Appendix A), lower bound KIc toughness
curve for A533-B ' steel by the 41. J and 100 MPa 8 temperature elevations,
proved unconservative in some cas,es when ' compared against experimentally,

i derived K g data for the A533-B reference plate. The maximum disparity,
| however, was only 15'C.
i
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THROUGH-WALL EMBRITTLEMENT BEHAVIOR
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Fig. 10.1 Projections of through-thickness notch ductility
of a 200 mm thick reactor vessel irradiated at 288*C for the
case of medium radiation embrittlement sensitive vessel mater-
ials (depicted by ASTM A302-B reference plate) and for the
case of high radiation embrittlement sensitive materials (de-
picted 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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4 The in-wall toughness gradient produced by the irradiation indexed to
the transition temperature, was small f or bcth materials. The dif ference

in 41 J temperatures between wall surf ace and mid-thickness positions was
31*C for the A302-B plate and 22*C for the A533-B plate. The variation
between measured Kje 100 MPa 6 temperatures was 24*C for the A302-B plate
and for the A533-B plate.

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

6. The 41 J temperature elevations with irradiation tend to be less than
the corresponding temperature elevations in Kyc at the 100 MPa E level.

7. The Kg 100 MPa 8 temperature elevations were 43 *C less than the
Kyc elevation at that same level. In turn, the K g elevations tended to be
less than the 41 J temperature elevation.

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

9. Postirradiation C data for the A302-B plate show an anomalous dif fer-y

ence traceable to specimen thickness location in the original plate. The
anomaly was most evident in the upper shelf temperature regime with speci-
mens irradiated in capsule SSC-1. Good properties uniformity was observed
in preirradiation (reference) condition data, however.
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APPENDIX A

Table 1 A 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) as (mils)

UNIRRADIATED CONDITION
Layer 1

6 -40 (-40) 9 ( 7) 0.102 ( 4)
23 -18 ( 0) 33 (24) 0.483 (19)
43 -1 ( 30) 41- (30) 0.762 (30)
75 16 ( 60) 57 (42) 0.940 (37)
82 38 (100) 88 (65) 1.372 (54)
143 82 (180) 110 (81) 1.676 (66)
89 93 (200) 115 (85) 1.753 (69)
90 138 (280) 107 (79) 1.626 (64)
136 177 (350) 99 (73) 1.473 (58)
83 177 (350) 106 (78) 1.676 (66)
137 260 (500) 110 (81) 1.575 (62)

Layer 2

107 -40 (-40) 14 (10) 0.203 ( 8)
16 -1 ( 30) 45 (33) 0.762 (30)
168 21 ( 70) 71 (52) 1.168 (46)
68 38 (100) 95 (70) 1.448 (57)
114 60 (140) 95 (70) 1.499 (59)
103 60 (140) 99 (73) 1.524 (60)
48 93 (200) 107 (79) 1.626 (64)
161 138 (280) 111 (82) 1.524 (60)
115 177 (350) 104 (77) 1.651 (65)
100 177 (350) 107 (79) 1.626 (64)
162 260 (500) 118 (87) 1.600 (63)

CAPSULE SSC-1
Group 1. Left

F23-1 138 (280) 92 (68) 1.346 (53)
F23-8 104 (220) 92 (68) 1.448 (57)

-F23-25 288 (550) 91 (67) 1.473 '(58)
F23-45 38 (100) 22 (16) 0.279 (11)
F23-77 204 (400) 95 (70)' 1.397~ (55)
F23-84 88 (190) 47 (35) 0.711 (28)
F23-91 71 (160) 41 ( 30) 0.686 (27)
F23-138 99 (210) 99 (73) 1.346 (53)

Group 2. Right

- F23-11 204 (400) 76 (56) 1.168 (46)
F23-18 82 (180) 41 (30) 0.635 (25)
F23-50 104 (220) 66 (49) 1.041 (41)
F23-70' 149 ( 300) 77 (57). 1.168 .(46)
F23-102 110 (230) 77 (57) 1.194 (47)
F23-116 54 (130) 27 (20) 0.381 (15)

~ 23-163- 288 (550)- 73 (54) 1.270 (50)F

F23-170 10 ( 50) 11 ( 8) 0.076 '( 3)
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Table LA Continued

|
1

SPECIMEN TEST CHARPY LATERAL
NUMBER TEMPERATURE ENERGY EXPANSION

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

CAPSULE SSC-2
Group 1, Left:
Layer 1
22 116 (240) 83 (61) 1.295 (51)
42 288 (550) 79 (58) 1.448 (57)
74 104 (220) 73 (54) 1.194 (47)
81 204 (400) 72 (53) 1.194 (47)
88 88 (190) 38 (28) 0.584 (23)
142 66 (150) 22 (16) 0.381 (15)
76 154 (310) 73 (54) 1.219 (48)

Group 2, Right:,

Layer 2

15 204 (400) 65 (48) 1.143 (45)
47 93 (200) 42 (31) 0.762 ~(30)
67 104 (220) 65 (48) 1.168 (46)

: 99 154 (310) 73 (54) 1.168 (46)
! 106 77 (170) 23 (17) 0.483 (19)
i 113 121 (250) 76 (56) 1.092 (43)

120 288 (550) 73 (54) 1.295 (51)
167 24 ( 75) 7 ( 5) 0.001 ( 3),

101 46 (115) 18 (13) 0.254 (10)

CAPSULE WALL NO.1 (SURFACE)
Group 1. Left
2 149 (300) 85 (63) 1.422 (56)
9 116 (240) 84 (62) 1.295 (51)
39 91 (195) 65 (48) -- --

71 102 (215) 81 (60) 1.295 (51)
78 204 (400) 91 (67) 1.372. (54)
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)
19 93 (200) 53 (39) 0.838 (33)
64 - 71 (160)- 46 ( 34) 0.711 (28)
96 154 (310) 76 (56) 1.219 (43)
103 77 (170) 49 ( 36) 0.838 (33)
110 121 (250) 73 (54) 1.194 (47)
117 60 (140)' 31 (23) 0.457 (18)
164 -21 ( 70) 15 (11) 0.178 ( 7)
17 43 (110) ~18 (13) 0.381 (15)
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Table 1A Continued

SPECIHEN TEST CHARPY LATERAL
NUMBER TEMPERATURE ENERGY EXPANSION

*C (*F) J ( f t-lb) mm (mils)
,

'

|

CAPSULE WALL NO. 2 (QUARTER T)
Croup 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)
79 204 (400) 88 (65) 1.499 (59) |

86 49 (120) 26 (19) 0.483 (19)
93 71 (160) 47 (35) 0.813 (32)
140 149 (300) 80 (59) 1.321 (52)
24 27 ( 80) 27 (20) 0.406 (16)

Croup 2, Right
13 204 (400) 73 (54) 1.245 (49)
20 82 (180) 71 (52) 1.118 (44)
65 32 ( 90) 30 (22) 0.508 (20)
97 71 (160) 43 (32) 0.737 (29)
104 127 (260) 73 (54) 1.270 (50)
118 54 (130) 42 (31) 0.610 (24)
165 288 (550) 71 (52) 1.245 (49)
49 10 ( 50) 8 ( 6) 0.076 ( 3)

CAPSULE WALL NO. 3 (HALF T)
Croup 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)4

141 93 (200) 88 (65) 1.372 (54) .

44 10 ( 50) 14 (10) 0.229 ( 9) I
! Croup 2, Right
'

14 93 (200) 69 (51) 1.067 (42)
46 54 (130) 45 (33) 0.762 (30)
66 204 (400) 80 (59) 1.448 (57)
98 121 (250) 76 (56) 1.270 (50)

i 105 38 (100) 35 (26) 0.533 (21) l

112 27 ( 80) 27 (20) 0.483 (19) |
119 66 (150) 60 (44) 0.914 (36) l

166 288 (550) 80 (59) 1.422 (56) |.

69 -1 ( 30) 11 ( 8) 0.152 ( 6)|
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Table 2A Charpy V Test Results for A533-B HSST Plate 03
(Code 3PS, 3 PT, 3 PU)

SPECIMEN TEST CHARPY LATERAL
NUMBER TEMPERATURE ENERGY EXPANSION

*C (*F) J ( f t-lb) am (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 (75)
3PT-14 204 (400) 152 (112) 2.159 (85)
3PT-32 -40 (-40) 12 ( 9) 0.305 (12)
3PU-16 4 ( 40) 42 ( 31) 0.635 (25)

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

Layer 4
3PT-27 -12 ( 10) 27 ( 20) 0.633 (25)
3PT-28 27 ( 80) 65 ( 48) 1.067 (42)
3PT-31 66 (150) 115 ( 85) 1.727 (68)
3PT-29 121 (250) 159 (117) 2.184 (86)
3PT-30 204 (400) 146 (108) 2.235 (88)

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

Group 2 Right
3PU-17 160 (320) 111 (82) 1.600 (63)
3PU-18 71 (160) 28 (21) 0.406 (16)
3PU-19 116 (240) 108 (80) 1.499 (59)

I 3PU-20 82 (180) 56 (41) 0.838 (33)
3PU-21 210 (410) 119 (88) 1.702 (67)

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)
25 104' (220) 49 (36) 0.889 (35) i

26 216 (420) 110 (81) 1.803 (71) J
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Table 2A Continued

SPECIMEN TEST CHARPY LATERAL

NUMBER TEMPERATURE ENERGY EXPANSION

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

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)

Croup 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)

CAPSULE WALL NO. 2 (QUARTER T) Code 3PU)
Croup 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) 98 (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)
Croup 1, Left
1 204 (400) 119 (88) 1.880 (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)

Croup 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)
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( APPENDIX B

ILLUSTRATIONS OF CHARPY-V AND COMPACT TENSION TEST
RESULTS FROM PSF IRRADIATIONS
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Fig. B.9 Charpy-V lateral expansion measurements for the A533-B reference plate before and
after irradiation in capsule Wall-2.
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Fig. B.11 Initiation fracture toughness of A302-D plate before and after irradiation in '
capsule SSC-1.
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Fig. B.12 Initiation fracture toughness of A302-B plate before and after irradiation in

capsule SSC-2.
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Fig. B.13 Initiation fracture toughness of A302-B plate before and after irradiation in
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Fig. B.14 Initiation fracture toughness of A302-B plate before and after irradiation in
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Fig. B.15 Initiation fracture toughness of A302-B plate before and after irradiation in
capsule Wall-3.
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Fig. B.17 Initiation fracture toughness of A533-B plate before and after irradiation in
capsule SSC-2.
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Fig. B.18 Initiation fracture toughness of A533-B plate before and after irradiation in
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capsule Wall-1.
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Fig. B.19 Initiation fracture toughness of A533-B plate before and after irradiation incapsule Wall-2.
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