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ENXECUTIVE SUMMARY

[he vessels (reactor tanks) of the Savannah River Site nuclear production reactors constructed in
the 195075 are compnised of Type 304 stainless steel with Type 308 stainless steel weld filler!,
irrachation exposure to the reactor tank sidewalls through reactor operation has caused a change
nthe miechanical properties of these materials. A database of as-irradiated mechanical properties
tor site-specitic materials and irradiation conditions has been produced for reactor tank structural
amalvaes and o guantify the effects of radiation-induced materials degrada ion for evaluating
reavtor service life. The data has been collected from the SRL Reactor Materials Program (RMP)
Jradianons and testing of archival stainless steel weldment components and from previous SRL
proyrams to measure properties of irradiated reactor Thermal Shield weldments and reactor tank
‘R-tank) sidewall maternal. The results from application of the Lower Bound properties to
~iructural and fracture analysis of the tank show ASME? safety margins are maintained for
postulated throughwall flaws up to several feet in length at exposure conditions corresponding to
S0 vears additional operation of the SRS reactor tanks. The continued safe operation of the
reactors is not limited by radiation-induced degradation of the tank materials.

irradiation programs of the RMP are designed to quantify mechanical properties at tank operating
wemperatures following irradiaton to present and future tank wall maximum exposure conditions.
The exposure conditions are characterized in terms of fast neutron fluence (Ey > 0.1 MeV) and
Jisplacements per atom (dpa)3. Tensile properties, Charpy-V notch toughness, and elastic-
plasuc fracture toughness were measured for base, weld, and weld heat-affected zone (HAZ)
weldment components from archival piping specimens (ASTM L-C and C-L orientations)
tollowing a Screening Irradiation in the University of Buffalo Reactor (UBR) and following a
tull-Terrn lrradiation in the High Flux Isotope Reactor (HFIR). A total of 81 Charpy V-notch
specimens and 12 Tensile specimens were tested at temperatures of 25 and 125°C following
wrradiation to a fast fluence of 1.1 x 1020 n/fem? (0.065 dpa) in the UBR irradiation. A total of 10
Compact Tension, 5 Charpy V-notch, and 5 Tensile specimens were tested at a temperature of
125°C following irradiation to fast fluences from 1.8 to 3.8 x 102! n/cm2 (1.0 to 2.1 dpa) in the
HEIR 4M mechanical specimen irradiation capsule. The qualification capsule, 1Q, for the HFIR
rradiation contained mechanical specimens of Type 304L stainless steel. A total of 6 Compact
Tension, 4 Charpy V-notch, and § Tensile specimens from the 1Q were tested at a temperature of
125°C tollowing irradiation to fast fluences from 0.36 to 0.92 x 102! n/cm? (0.21 to 0.52 dpa)
and are included in the irradiated properties database.

*The yoming process for the reactor tanks (e.g. plates for tank shell or "sidewall") was Inert-Gas-Shielded
Mol Are Welding with a Consumable Electrode. This process is similar to the fabrication process for the

reactor pnmary coolant or Process Water System piping and is termed Gas Metal Arc Welding in the current
sile specitications for the piping.

~amencan Society of Mechanical Engineers, Boiler and Pressure Vessel Code, Section X1I.

“The exposure unit "displacement per atom” (dpa) is a calculated parameter representing, on average, the
number of tumes an atom in the material being exposed is displaced trom a lattice position during the
rradiauon. Contnibutons o dpa at the tank wall originate from: scattering and capture (recoil) reactions
~1th Last and thermal neutrons, respectively; helium production (recoil); and gamma irradiation (via
compon Electron producuon followed by scattering event). The present maximum tank wall exposure of

-+ dpaoccurs asix azimuthal locations at the beltline of K reactor tank. The present maximum tank fast
Saence devel s 186 ¢ 1021 nfem?,

ES -1
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Preceas arradiation effects studies at SRL (by Walt Joseph in 1960) produced tensile data of
peoweld, and HAZ components for specimens cut trom a thermal shield model constructed
o Tvpe 304 stainless steel plates and butt welded with Type 308 stainless filler (lime coated
stck weld ™ A total of 20 Tensile specimens were tested at room temperature following
rradiation in two sets to average fast fluences of 2.9 x 1020 and 1.2 x 1021 n/fem?, respectively,
and are meluded in the as-irradiated properties database.

Mechanical specimens of base materials removed from the R-tank sidewall with fast fluence
ievelsof 1 and 7 x 1029 n/em? were also tested in a previous SRL-sponsored program (Reactor
Operabihity Assurance Program) in 1987. The test results from a total of 9 Tensile and 6
Compact Tension specimens tested at 25°C and 125°C from this program are included in the
Jatabae,

'he reduction n fracture toughness and radiation hardening effects (increase in strength with a
loss ot work hardening ability) have been quantified. The tensile and fracture toughness results
or ihe irradiation exposure levels investigated show high residual material toughness and
Juculny tor all weldment components with little sensitivity to exposure level. Hardening of the
materials reaching a saturation in hardening with exposure is interpreted in terms of the
production of extended lattice defect microstructures during irradiation. Radiation hardening of
the materials caused an average increase in yield strength between about 20 to 190% of the
amrradiated values with a concomitant increase in tensile strength values between about 15 to
04 tor all the data sets (categorized by weldment component, orientation, and test temperature).
The corresponding total elongations are between 27 and 53%. The range of average absolute
strengths s 56 1o 96 ksi (yield) and 65 to 106 ksi (tensile or ultimate) for the data sets.

The Charpy V-notch as-irradiated toughness is between 41 and 62% of the unirradiated values
for the data sets. The range of absolute values of the average impact toughness is 54 to 94 fi-
pounds. The as-irradiated elastic-plastic material toughness, the J value at 1 mm crack extension
trom the Jyeformation-R curve analysis, is between 35 to 78% of the corresponding unirradiated
material wughness. The range of absolute toughness defined by the J value at 1 mm crack
extension is 662 10 2900 in-lbs/in2. The range of values for Jic corresponding to a power law fit
to the Jietormauon-R data is 428 to 2092 in-1bs/in2. The as-irradiated testing results show a lower
~absolute level) fracture resistance with the fracture plane parallel compared to perpendicular to
the pipe uxis or rolling direction of the original Type 304 stainless steel plate (similar results were
~Immui in testing of unirradiated companion materials). The low carbon materials, Type 304L
0 Hsi) wt%) and the archival piping 1BB material (0.035 wt%), have higher absolute toughness
«eveds following irradiation than the other base materials.

ithe application of the as-irradiated properties in a fracture analysis of the reactor tanks is
Jlustrated. Elastic-plastic material toughness parameters are developed from J-R curve analysis
‘rom the Compact Tension (CT) specimen test results. Material J-T curves are developed for
rach of the irradiated CT specimens and a cut-off to the J-T curves is specified. "Nominal" and
Lower Bound” fracture toughness data is defined for tank fracture analyses. A specific case to
“atuate tank flaw instability with the lower bound toughness data is reproduced from a previous
rracture analysis. With the Lower Bound toughness data, postulated throughwall flaws in the
nink sidewall over several feet in length meet the ASME BPV Code safety margins.

ihe as-oradiated database in this report will be supplemented by the results from the HFIR 12M
e UlL specimens and the K-reactor Surveillance Program specimens upon completion of the
chadidted testing in the SRL Reactor Materials Program subtasks.

ES .2
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1.0 INTRODUCTION

The production reactors at the Savannah River Site (SRS) were constructed and began operation
i the 1950°s. The sidewalls of the reactor tanks have been exposed to neutron irradiation during
reactor operation with nearly all of the exposure occuring when the core was configured with fuel
assemblies in all of the available positions. The neutron exposure rate to the sidewalls was
reduced when blanketed operation began in 1968 [1]. The accumulated exposure is characterized
a5 4 low” temperature (< 130°C at maximum historic full power [2]) neutron irradiation with the
present maximum dose o the tank sidewall of 1.4 dpa [ 3]

The activities for understanding irradiation effects to the reactor tanks, the development of an
rradiated property database, and the application of irradiated properties to structural evaluation of
the SRS reactor tanks are included under the SRL Reactor Materials Program (RMP) at the
savainnah River Laboratory (SRL) {4, 5], The structural integrity evaluation of the reactor tanks
includes evaluation of postulated flaws for acceptability for reactor operation as shown
schematically in Figure 1. The irradiated material properties are an important input to flaw
evaluanion.  The RMP studies of service effects to reactor tank materials supports the
demonstration for reactor life extension and parallels the intent of Plant Life Extension (PLEX)
technological activities required for evaluation of materials' degradation for commercial nuclear
power plants. The results and program conclusions from the RMP studies on the Process Water
System service life are part of site activities for life extension for the SRS reactors' systems.

The material of construction of the pressure boundary of the reactor primary coolant system
(Process Water System) including the reactor tank is American Iron and Steel Institute (AIST)
Type 304 stainless steel joined by inert-gas-shielded metal arc welding with Type 308 stainless
steel filler wire [6]. Archival piping materials were obtained for irradiation and mechanical
testing [ 7] for the experimentation programs of the RMP. Program studies include measurement
ot both baseline mechanical/corrosion and irradiated mechanical/corrosion properties for
upplication to engineering analyses of the PWS piping and reactor tanks, respectively. The
machining and testing of the irradiated mechanical test specimens were performed by Materials
Engineering Associates (MEA) in Lanham, Maryland under the direction of the RMP (8, 9].

This report covers the as-irradiated mechanical testing details, results, and application of
mechanical properties to tank structural analyses from the RMP studies to-date. The results from
tensile specimen testing at SRL (by Walt Joseph in 1960) [10] at exposures near reactor tank
maximum levels {1} and testing of SRS reactor (R-tank) sidewall materials (by Westinghouse .
Electric Corporation - R&D Center in 1987) [11, 12] are also included to provide a composite as-
irradiated property database. The high neutron exposures (2.1 dpa) of the mechanical specimens
included in this report meet and exceed the SRS reactor tanks' maximum levels at present
exposure and also for an additional 50 years of operation with a blanketed core at a power level
of 2400 MW with 66% innage [1, 13].

Secuon 2 of this report contains a brief description of the materials' source for the RMP
radiation and testing programs and the previous SRL programs. The composition of materials
and fabrication details for the SRS reactor tanks are provided for comparison to the weldment
components tesied in the SRL irradiation programs. Section 3 contains an overview of the SRL
mechanical specimen irradiations.

The mechanical test specimen types were tensile (T), Charpy V-notch (CVN), and compact
tension (CT) specimens machined from the three different weldment components: base material;
weld material; and weld heat-affected-zone (HAZ) material. The test temperatures (25 and
125°C) approximately bound the tank historic operating temperatures. The RMP test specimens

1-1
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trom the archival piping were machined in the ASTM C-L and L-C orientations to allow
comparison of the mechanical response for the cases of flaws oriented parallel and perpendicular,
respectively, to the pipe axis or rolling direction of the original plate. An overview of the
mechanical testing procedures and data analysis procedures is provided in Section 4. Test results
and a discussion of the effects of irradiation and irradiation (exposure) level on mechanical
properties are provided in Section 5. From the test parameters of temperature (25 and 125°C),
orientation (L-C and C-L) and weldment component (base, HAZ and weld), twelve different
vategories of properties are defined (as shown schematically in Figure 1-2). [The as-irradiated
mechanical results in Section S show only a slight sensitivity to neutron exposure at fast fluence
levels investigated in this study (1 x 1020 to 4 x 102! n/cm?2, Ep > 0.1 MeV). Therefore, the as-
nradiated properties for each category defined in Figure 1-2 are grouped into one "irradiated" set,
independent of exposure level]. ‘

The mechanical test results from the data sets are compared to evaluate mechanical response
dependency on testing condition. The development of as-irradiated mechanical properties for
SRS reactor tank structural analyses, including fracture mechanics analyses, is provided in
Section 6. "Lower bound” and "nominal” as-irradiated mechanical properties for the reactor tank
operating range (23 to 125°C) are selected from the data sets. Application of the mechanical
properties to an elastic-plastic fracture analysis of the tank is provided in Section 7. Ongoing
RMP studies to the characterize the material response to irradiation for SRS tank conditions are
discussed in Section 8. Mechanical property test results for the individual mechanical specimens

are listed in Appendix 1. Digitized curves summarizing the full mechanical test response are
provided in Appendix 2.

The SRL.-Reactor Materials Program data collected by Materials Engineering Associates and
evaluated in this report have been qualified for critical application as part of the Qualification of
LOCA Definition Project [14-17]. The data from the previous SRL programs [10, 11, 12] were
not generated under the present NRTSC QA Procedures [18]. The results from the previous
SRL programs are consistent with the RMP data and have been added to the RMP data to form
the composite as-irradiated database. Therefore, the as-irradiated database, overall results, and

conclusions reached in this report may be used in critical applications per the NRTSC QA
Procedures [18].
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Schematic of the SRS Reactor Tank Wall Evaluation Sequence
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Figure 1.2: Schematic of the as-irradiated mechanical test parameter categories illustrating the
twvelve sets defined for tensile, Charpy V-notch toughness, and fracture toughness properties for
various Material, Ternperature and Flaw Orientation combinations (Section 5 of this report).
Nominal” and "lower bound" fracture toughness properties from these sets have been provided
in Section 6. [The as-irradiated test results show only a slight sensitivity to neutron exposure
level at the fast fluence levels investigated in this study (1 x 10200 4 x 102! n/em?2, Ep, > 0.1
MeVyand theretore the as-irradiated properties are not categorized by exposure level],
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0 MATERIAL SOURCES

2.1 Introduction

e mechanical property data base for irradiated stainless steel is compiled from tests of materials
it were obtained from three sources: pipe sections taken from a decommissioned reactor (R); a
model of a reactor thermal shield; and the sidewall of R-reactor. All of these materials are
cominally Type 304 austenitic stainless steel and were produced in the 1950's. Specimens from
the archive pipe sections were irradiated in the UBR, HFIR, and K-reactor as part of the RMP
neainning in 1985 (4, 5], Specimens from the thermal shield model were irradiated in P-reactor in
1939 [19]. Discs were cut from the sidewall of R-reactor as part of an investigation on weldability
ot rradiated stainless steel beginning in 1986 (20].

Ihe SRS reactor tank sidewalls (shells) were constructed in the early 1950's by New York
shipbuilding Co. [6] and were transported to the site for final joining, All of the plate materials are
nominally Type 304 stainless steel joined with Type 308 stainless steel filler using a inert cover gas
o1 helium. The plate materials' compositions and joining techniques of the tank sidewalls are
provided for comparison to the weldment materials investigated in the SRL irradiation programs.

2.2 Archive Pipe Sections

All piping contacting the heavy water moderator was fabricated originally from Type 304 stainless
steel per Du Pont Specification SW 304M (Grade 304) as listed in Specification 3018, P39.010
and P3%.020, issued November 11, 1951 with latest revision January 24, 1957. The original
construction desigr. code of record was American National Standards Institute (ANSI) B31.1.
Cieneral specifications for process piping components were covered in Specification 3069 issued
Muarch 14, 1952 and revised December 18, 1952, Seamiess pipe was to be manufactured 1o ASTM
Specification A-269-47 (Grade chromium-nickel) and welded pipe was to be fabricated to ASTM
\-312-4K8T {Grade chromium-nickel).

The archive pipe sections were from rolled and welded Type 304 stainless steel pipe with a 16-inch
406 mm) outer diameter and a nominal wall thickness of 0.5-inch (12.7 mm). Eight pipe sections
with approximately six years of service each were removed from the decommissioned R-Reactor
[7]. Individual sections have an arbitrarily assigned pipe ring number (1 through 8). Each pipe
~eetion contained a circumferential butt weld made by the Metal Inert Gas (MIG) welding process
and one or more mill-annealed longitudinal welds. Potentially there were 16 different heats of steel
in the eight secr'ons. These pipe sections were located either between the pump and the heat
exchinger or ' <tween the heat exchanger and the inlet plenum te the reactor [7]. Service
'emperatures waring operation for these two sections were approximately 95 and 40°C, respectively
B

Ced

The mechanical properties of the circurmnferential welds, associated heat affected zones, and base
metal regions were measured in this study. The circumferential weld joint was a single Vee; the
wint preparation contained a small land on the inner diameter (ID) side to aid preweld fitup. Figure
-1 shows un etched cross section of a typical weld joint from ring #1. The joint was filled from
the QD side using several weld passes; a root pass made from the ID side is also visible in most
10INLS,

The chemical compositions of the different base and weld metals for the eight pipe rings are given
n Tables 2-1 and 2-2. With minor exception, the base material compositions are within the range
specitied by AISI for Type 304 stainless steel: max 0.08 wit% carbon, max 2.0 wt% manganese,
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max 0.045 wt% phosphorous, max 0.03 wt% sulfur, max 1.00 wt% silicon, 8 - 10.5 wt% nickel
and 18-20 wt% chromium {22].

Delta-ternite measurements were taken along the outer surface of the circumferential weld metal
around each of the eight pipe sections. The weld filler metal for the SRS reactor process water
svstem piping consists of a delta-ferrite forming Type 308 stainless steel. The ferrite level in
specitic piping welds is one property that can be used to establish uniformity of welding conditions
among ditferent reactor systems throughout the plant. The ferrite measurement results (Laboratory
Notebook DPSTN-4221, Copy Series E37276. Measurements with Autotest Model Fe probe) are
summarized in Table 2-3. This range of 10 to 15 percent ferrite indicates uniformity in the welding
operation and is consistent with commercial piping weldments. Measured ferrite contents are

within the range of 1 to 18 percent ferrite predicted by the weld composition and the Schaeffler
Diagram (Figure 2-2) {23}

Specimens were machined according to applicable ASTM specifications and assigned a unique
identification number that allowed traceability throughout their testing history, as well as
rdentitication of their location and orientation with respect to the original pipe ring section. The
tirst number of this code identifies the pipe ring number, and the adjacent letter indicates the
matenal type (W = weld, B = base, and H = heat-affected-zone or HAZ). The second letter
capplicable to base and HAZ material only) identifies the side with respect to the circumferential
weld from which the specimen came from in the pipe ring (side A or side B) as refe-enced in the
cuiting diagrams [see Appendix D of Reference 24].

The sixteen inch diameter pipe from which the specimens were machined was seam welded pipe
17]. A stainless steel plate is cold formed to the pipe diameter ani welded lengthwise.
Examination of the seam welds indicates that the welds were annealed after welding as there is no
evidence of sensitization of the metal next to the welds [Section 3.1.1.2 of ref. 25].

2.3 Thermal Shield Model

Test specimens for the SRL irradiation program in 1959 were machined from a mode! of a thermal
shield that had been made about the same time as the reactor tanks and thenmal shields {10]. The
model was constructed of 5/8-inch as-rolled plate of Type 304 stainless steel. Plates were joined by
butt welding by a manual metal arc process with Type 308 electrodes with a lime coating. The
composition of the steel from which the specimens were made is not known. Flat tensile

pecimens with a 2-inch gauge length were machined from base metal, weld metal, and the weld
heat affected zones (see Figure 4-6).

2.4 R-Reactor Tank Wall

Four discs were cut from the sidewall of R-reactor with a hole saw [26) as part of the diagnostic
program to assess the reasons for the poor weldability of the knuckle in C-reactor [20]. The main
tank shell was fabricated from five different heats of Type 304 stainless steel, two heats in the
upper section and three heats in the lower section, Table 2-4 [27]. The top and bottom halves of
the tank sheil each contained three steel plates; therefore, there were three vertical welds in each
halt and a circumferential weld to join the upper and lower secvions. Access to the tank wall was
through six inch diameter instrument ports that penetrate the concrete biological shield and the steel
thermal shield. These ports are located 5-feet-6.5-inches above the bottom of the reactor tank and
are evenly spaced 90° from one another. All four discs were cut from the lower half of the reactor
tank and came from plates 3, 4, and 5 as listed in Table 2-4. According to mill analyses included
i the construction records, all of the steel in the tank shell was low carbon stainless steel, < 0.03
weight percent, as shown in Table 2-4 [27]. However, chemical analyses of the discs yielded

2-2
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carbon contents of >0.05 weight percent for three ot the four discs.  Nickel and chromium
analyses on the discs were also slightly lower than those reported in the mill analyses.
Concentrations of the other constituents were consistent between the two analyses. In both cases,
the analyses tall within the specifications for Type 304 stainless steel.

2.3 Reactor Tank Materials and Fabrication

I'he mechanical properties were measured on irradiated specimens taken from archive SRS piping
(Secnon 2.2) and are applicable to structural assessments of K- and L-reactor tanks. [The SRS R-
reactor was permanently shutdown in 1964, C-reactor in 1986, and P-reactor in 1991}, The
materials of construction of the tanks and piping were purchased to the same codes and standards
i the period from 1950 to 1958 and were of comparable quality. Chemical analyses of K and L
reactor tanks, Table 2-5, are similar to those of R tank, Table 2-4, and the piping, Table 2-1. All
compositons fall within the specifications for Type 304 stainless steel.

All manual and automatic machine welding for both the pipe and tanks was inert gas shielded
tungsten arc with bare Type 308 filler rod. In the case of the pipe, single Vee welds were oriented
with the weld root at the inner surface of the pipe. In contrast, tank welds were usually double
Vee. This difference should not affect the mechanical properties of the weld or heat affected zones,

although residual stress patterns and sensitization levels would be expected to differ in the pipe and
ninks.

The main tank shell was fabricated from either four or six plates which were partially welded, roll
formed to the tank radius, and finish welded. The first weld became the circumferential girth weld
near the middle of the tank wall and was cold worked during roll forming. Vertical seam welds in
the tank wall were made after the plates were roll formed to the tank radius. Detailed descriptions

of the reactor fabrication procedures are found in the activities and fabrication manuals from New
York Ship (27].

2.6 HFIR 1Q Material: Type 304L Stainless Steel

Matenals Engineering Associates supplied a wrought plate (MEA Code F50) of Type 304L
stainless steel for specimens irradiated in the HFIR 1Q capsule assembly [ref. 24, Appendix V].
These specimens, identical in mechanical design to the 4M specimens, were irradiated and tested as

part of the RMP (see Section 3 to 5). Table 2-6 lists the chemical composition and heat treatment
of the F50 plate material.

an



J.D. Spencer

December

1991

WSRC-TR-91-11
Task # $9-023-C-1

Table 2-1:

Base metal chemical compositions (wt%) for archive pipe

Composition (wt-%)

C Mn  Si P S Ni OCr Mo B Co Cu N

A 0079 10 079 0031 w01l 936 1879 041 0001 011 029 0.047

B 0.035 1.56 0.58 0.024 0016 9.19 1844 0.25 0002  0.10 0.24 0.036
20A 0079 1.50 0.34 0031 0.024 965 1827 045 0.002 0.13 0.42 0.043
B 0.052 1.41 0.38  0.031 0.025 850 19.40 039 <0001 0.15 0.42 0.036
YA 0063 130 031 0.028 0024 938 1859 040  0.001 0.12 038  0.044
B 0048 1.33 039 0.027 0.025 913 18,67 036 0.002 0.13 0.39 0.034
400A 1053 1.81 0.33 0.026 0017 875 1897 035 0002 0.11 0.28 0.033
B 0083 1.75 0.74 0033 0.017 960 18.88 046 0.002 0.13 0.32 0.043
SoA 0 0.041 1.39 0.67 0.026 0.024 964 1905 0.52 0.002 0.12 0.28 0.035
B 0080 1.25 032 0026 0.016 100 18.88  0.44 0.001 013 0.41 0.043
A 0058 144 049 0027 0017 965 19.05 043 0001 015 062  0.044
B 0.6 1.46 066 0026 0.024 8.48 18.88 0.22 0.001  0.13 0.17  0.034
A 0.052 1.30 0.55 0028 0016 935 1865 038 0002 0.12 0.26  0.039
Bo0.047 1.33 034 0.027 0019 915 1850 0.21 0.001  0.08 0.20 0037
A 0055 1.30 040 0030 0026 872 1905 042 0002 0.16 0.45 0.036
B 0078 1.75 0.40 0033 0.018 830 19.66 (.44 0.003 0.54 0.34 0.043
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Table 2-2: Weld metal chemical compositions (wt%) for archive pipe

Composition (wt-%)

C Mn Si P S Ni Cr Mo B Co Cu
| 0038 1.29 0.41 0.023 0.018 9.65 20.15 0.23 0.002 0.11 0.21
0.118 0,208

2 N.052 1.45 0.41 0.022  0.019 10.50  19.20 0.20 0,005 0.10 0.22

A 0.039 1.25 0.39 0.020 0.017 10.16  19.56 0.21 0.604  0.20 0.21

4 0.047 1.41 0.43 0.022 0018 10.75  19.29 0.17 0.005 0.094 020

A (1048 1.52 0.42  0.023 0010 10.15 19.96 0.26 0.001 0.16 0.23
0.172  0.183

) 0.050 1.56 049  0.024  0.008 10.12  19.87 0.24 <0001 0.18 0.9
0.0228  0.0108 0.192

0.042 1.47 0.43 0.020  0.009 9.88 19.47 0.24 0.003  0.15 0.21

5 1.045 1.52 0.37 0.022 0018 9.70  20.15 0.21 0.002  0.22 0.18
0.164

©_ Duplicate Analysis Using Separate Stock

Table 2-3: Average Ferrite Leveis for
Weld Material of Archive Pipe

Ring # Weld Reference  Ferrite (%)

l 2PW216W3 13.6
2 6PW1816W3 10.0
3 4PW16W5 15.0
4 1P1W1316W3 10.7
5 2PW1716W2 117
6 JPW1516W5 11.2
7 4PW416W4 14.2
8 2PW216W5 14.3
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Table 2-4: Base metal chemical compositions (wt%) for R-Tank Disks A,B,C, and D and for
the R-Tank plate composition reported by New York Shipbuilding Co.

Composition (wt-%)

C Mn Si P S Ni Cr Mo B Co Cu N

RA 3 (1080 102 0.60 0.027 0015 854 172 0076  <0.005 0.05 0121 0.009
RB3 0016 115 0.54  0.008 0.013 879 182 <0.01  <0.005 0058 0.046 0.070

0054 1.24 0.57 0017 0.022 928 182 0.35 <0.001  0.027 0.069 0.080

RD 3 0.077 1.26 0.55 0.020 0.022 973 187 0.34 <(.001 0.026 0.075 0.045

* L0028 095 0.55 0.027 0015 910 1847 NA NA NA NA NA

20026 1.17 0.60 0.023 0011 947 1842 NA NA NA NA NA
10023 1200 063 0015 0.024 912 1900 NA NA NA NA NA
0025 1.05 0.60 0.027 0.011 915 1849 NA NA NA NA NA
S0.030 1.28 0.48 0.015 0.024 932 1848 NA NA NA NA NA

Fo

« Tunk plates 1 aund 2 were in the upper half of the tank wall and plates 3, 4, and 5 were in the
lower half of the tank wall.

Table 2-5: Base metal chemical compositions (wt%) for the K and L-Tank plates' composition
reported by New York Shipbuilding Co.

Composition (wt-%)

C Mn Si P S Ni Cr Mo B Co Cu N

[

I 0.066 1.02 0.62 0.025 0015 910 1841 NA NA NA NA NA
2 0m 0.66 054 0024 0011 914 1860 NA NA NA NA NA

L0055 077 0.58 0026 0.013 928 1843 NA NA NA NA NA
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Table 2-6: Chemical composition and heat weatment of the Type 304L stainless steel material
irradiated in the HFIR 1Q capsule [ref. 24, Appendix V].

Composition (wt-%)

« Mn Si P S Ni Cr Mo B Co Cu N

FS0 0028 1.71 0.85 0.015 0023 10.63 19.8 0.09 NA 0.11 NA NA
Plate

Plate thickness: 1/2 inches.
Heat Treatment: Solution annealed at 1950-2000°F for 1/2 hour, water quenched.
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Figure 2-1: Etched cross section of pipe ring # 1weld (4X)
(12.7 mm base plate thickness)
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3.0 IRRADIATION PROGRAM OVERVIEW

3.1 Introduction

The irradiations of the Reac or Materials Program [4, 5] are the Screening Irradiation conducted
i the University of Buffalo Reactor (UBR), Buffalo Materials Research Center, at the State
Lniversity of New York at Buffalo, the Full-Term Irradiation conducted in the Removable
Bervllium position in the High Flux Isotope Reactor (HFIR) at Qak Ridge National Laboratory
and the Surveillance Irradiation conducted in the K reactor at SRS. The Screening Irradiation of
mechanical specimens was performed in 1985 and the testing of all specimens has been
completed with the results reproduced in this report. Irradiations in the HFIR included: the 4M
and 12M mechanical specimen capsules containing the archival piping weldment materials, as
part of the Full-Term Irradiation; and the 1Q queiification capsule, containing mechanical
specimens of Type 304L stainless steel plate material. The as-irradiated testing of all specimers
trom the 1Q and 4M capsules has been completed with the results reproduced in this report.

Testing of the 12M capsule will be performed in accordance with RMP Specification SRP-SL-
I111, Rev. 2 [28].

The RMP Surveillance Irradiation capsules containing mechanical and corrosion specimens [29]
were loaded in K 1eactor [30] and began irradiation in March 1586. The target irradiation level
tor the initial testing was to match the tank wall fast fluence (En > 0.1 MeV). At historic full
power levels (2400 MW), an irradiation period of 4 years would have been required; however
extended shutdowns and reactor power reductions have reduced the exposure rate and therefore
increased the time required to reach tank wall maximum exposure levels in the Surveiilance

Irradiation. Revised target exposures and a testing plan for the K specimens will be developed in
A tuture RMP report [5].

Meckaracal specimens were cut from discs removed from the R-tank sidewall at four separate
tank wall locations, with two disks each exposed to the same exposure conditions (26] and were
tested as part of the Reactor Operability Assurance Program [20]. The R-Reactor reached initial
criicality on December 28, 1953 and oOperated continuously from that date, with the exception of
normal reactor shutdowns and shutdowns for facility improvements, until June 17, 1964, at

which time reactor operations were permanently terminated. The exposure history of the R-tank
sidewalls are contained in reference 1.

An irradiation of tensile specimens of weldment components of a thermal shield model was
performed in P reactor in 1959 [19] for four one-month cycles (P-8 through P-11). The
specimens were tested by SRL in 1960 [10].

The testing procedures of the mechanical specimens from the UBR, HFIR, R-Tank, and P-
reactor (thermal shield model) irradiations are reported in Section 4. The individual specimen

mechanical testing results are contained in Appendix 1 with the results summarized in Section 5
ot this report.

3.2 Irradiation Parameters - Summary

Tables 3-1 to 3-3 lists the irradiation parameters for the set of specimens from the HFIR, R-
Tank, anq P-rgactor (thermal shield model) irradiations from which as-irradiated test results are
included in this report. The irradiation parameters include specimen identification, weldment

tvpe wnd orientation, fast neutron fluence (En > 0.1 MeV), thermal neutron fluence, dpa, and
irradidtion temperature,
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Al of the UBR specimens were irradiated to a nominal thermal fluence of 1.1 x 1019 n/cm? and

fast fluence of 1.1 x 1020 n/em?, En > 0.1 MeV and a displacement damage level of 0.065 dpa
{24]. The parameters tor the UBR specimens are not listed individually.

The as-irradiated database will be supplemented by results from the HFIR 12M and K-Reactor
Surveillance. Several specimens from the 4M and 1Q capsules were reserved for thermal-cycle
testing |5, 9]; these specimens, testing conditions, and results are not reported herein.

3.3 Screening Irradiation: University of Buffalo Reactor

The UBR is a 2 MW light-water-cooled and moderated reactor located in the Buffalo Materials
Research facility, The 81 Charpy V-notch and 12 Tensile specimens (see Appendix 1) were
contained in three, independently temperature-controlled capsules designated A, B, and C, which
together formed one irradiation assembly. Capsule A was placed over capsule B which itself
was placed over capsule C for irradiation in the B-4 position in the fuel lattice of the UBR. The
B-4 facility had been previously benchmarked for neutron spectra conditions for the Nuclear
Regulatory Commission irradiation studies.

To achieve tluence balancing of the specimens, capsule B, which bisects the peak neutron flux
plane, was removed and replaced with a dummy capsule prior to the end of the irradiation. The
cxperiment was loaded into the core on May 31, 1985 and the neutron exposure was completed
September 6, 1635,

Thermocouples welded to specimen midsections were used for temperature monitoring. The
target temperature for each capsule was 120°C £ 15°C. Actual minimum and maximum
thermocouple readings from twenty-two thermocouples were 113 and 132°C, respectively.

Uncertainty in dosimetry analysis was reported from + 5% to + 8% at the 16 confidence level for
the fast fluences and * 10% for the thermal fluences. These estimates did not include any
uncertainties that would be associated with the actual averaged cross sections of the irradiation
fields or the burn-out . 7 the reaction products of interest. Additional details of the Screening
[rradiation are contained in reference 24.

3.4 Full-Term Irradiation: High Flux Isotope Reactor

The HFIR is a 85 MW (100 MW prior to November 1986 extended shutdown) pressurized water
research reactor at the Ouk Ridge National Laboratory. The SRL irradiations in the HFIR were
specified in RMP Specification SRP-SL-1107 [31] and planned through the Engineering
Technology Division at ORNL [32]. The 1Q capsule, the Qualification capsule (prototype for the
M and 12M capsules) for the SRL irradiations, was instrumented with thermocouples,
Removable Dosimeter Tubes, Backbone Dosimeter Sets, and Small Gradient Monitors to
characterize the irradiation conditions in the SRL capsules. The 1Q irradiation ran one HFIR
irradiation cycle beginning June 6 and ending June 28, 1986. The 4M irradiation ran four HFIR
cycles beginning July 23, 1986 to October 23, 1986.

The 12M irradiation began July 23, 1986 and ran for five cycles at 100 MW until November 14,
1986. At that time, the HFIR was shutdown for extensive reviews of containment, operation,
and other issues. The shutdown lasted until June 1990. The 12M irradiation recommenced J uly
17. 1990 and ran four cycles at 85 MW until December 12, 1990. The 12M experiment was
tiken out of the reactor at that time for reactor maintanence and subsequently a capsule weld was
proken. The 12M capsule was repaired and ran the remaining 3 irradiation cycles from June 20,
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L991 to September 17, 1991, The cycle length at 85 MW was increased so that the fluence per
cvele at 85 and 100 MW was epproximately equal.

Exposure conditions were assumed constant across the capsule cross section in calculating the
specimen fluence and dpa levels [13]. Analysis of the 1Q and 4M dosimeter sets is provided in
reference 33, Trradiation temperatures recorded at seven specimen locations in the 1Q irradiation
|results directly applicable to the 4M irradiation] included mid-specimen and specimen surface
emperatures for the T, CVN, and CT specimens at each end of the capsule and at capsule mid-
plane. The temperature ranges were 75 to 95°C for the T specimens, 100 to 140°C for the CVN
specimens, and 110 to 150°C for the CT specimens [13]. Full details including an uncertainty
amalysis of individual specimens exposures and irradiation temperatures for the HFIR irradiations
tincluding the 12M) will be provided in a future RMP report [S]. The 12M as-irradiated testing
will be performed in 1992 and the results will be added to the database at a future date.

Specimen selection for the HFIR 1Q, 4M, and 12M capsules is discussed in reference (34]. The
1QQ and 4M specimen complements are given in Table 3-1. The HFIR 4M specimens included
hase, weld, HAZ components in both the L-C and C-L for each component except for the weld
material, which is oriented in the L-C direction only. The specimen set included material with the
highest carbon content available, 4BB, and the lowest carbon content available, I1BB. In
addition, the weldment component and piping material with the lowest fracture toughness from
the baseline testing program [35], (THA, C-L), was included in the HFIR 4M capsule.

3.8 R-Reactor Tank Irradiation

R-tank sidewalls were irradiated during reactor operation from 1953 to 1964. The fast and
thermal neutron exposure levels of the R-Tank sidewalls are provided in reference 1.
Conversion from neutron fluence (thermal and fast) to dpa for the SRS reactor spectrum is based
upon the multigroup displacements cross sections of Doran [36] and two-step neutron reaction
with Ni-38 given by Greenwood [37] as modified for the SRS reactor spectrum by Baumann

[sce ref. 3]. A chart to convert from fluence to dpa for the SRS reactor spectrum 1s shown in
Figure 3-1,

Four disks (labelled A, B, C, and D) approximately 6 inches in diameter were cut from R-tank in
1986 as part of the Reactor Operability Assurance Program [20, 26]. The disks A & Cand B &
D were irradiated to fast fluence (Ep > 0.1 MeV) levels of 1 and 7 x 1020 n/cmZ [1, 20, 26] with
corresponding thermal fluences of 6 x 102! and 3.5 x 102! n/cm? [13]), respectively. Table 3-2 -
contains the individual irradiation parameters of the R-tank disk specimens. The R-tank D disk
also contained a maximum helium level (measured) of 34 appm and the A disk contained a

maximum of 12 appm [1]. [Note that the labeling of A & C and B & D disk locations in Figure 1
ot ref. 1 is reversed].

3.6 Thermal Shield Materials Irradiation

Twenty tensile specimens sectioned from base, weld, and heat-affected zone were irradiated in
the P reactor in 1959 (reactor cycles P-8 through P-11) and were tested in the SRL High Level
Caves in 1960. Details of the irradiation are in the Test Authorization TA 1-757 [19]. The
irradianon parameters (fast fluence, E, > 0.1 MeV) and test results in this report were reproduced
trom reference 10. An irradiation temperature of 119°C was calculated as the maximum
temperature of the tensile specimens during the irradiation [38]; . Two different nominal fluence
levels, 2.9 x 1020 and 1.2 x 1021 n/cm? (E, > 0.1 MeV), were achieved in the irradiation.
Specimen fluences were determined by flux traverses near the specimens; uncertainty was

3-3
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estimated at ® 35% (38, 39). Table 3-3 contains the individual specimen irradiation parameters
of the specimens of the thermal shield model.

3.7 Surveillance Irradiation: K-Reactor

I'he K-Surveillince program contains 180 mechanical specimens of CT, T, CYN and Wedge
Opening Loaded (WOL) design {29, 30, 40] loaded in 12 separate specimen holders with 4
holders per specimen rod. The specimen rods are located in the far side spargers at positions
N3IS-YS7, X29-Y33, and X20-Y54. The 3 specimen rods or irradiation assemblies were
charged to K-Reactor at the start of K-12.1 which began in March 1986. The irradiation plan

4nd testing plan for the specimens in the Surveillance Irradiation will be updated [41] from the
previous plan (29, 30] in a future RMP report [5].
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Table 3-1 HFIR 1Q and 4M Specimen Irradiation Parameters [13].

Specimen | Specimen | Onentation | Thermal Fast dpa
Type Fluence, | Fluence,
102! n/cm? | Ep>0.1MeV,
102! n/cm?
10
Capsule
F30-12 T L-T 1.2 0.36 0.21
F50-9 T L-T 2.1 0.60 0.34
F50-1 T L-T 2.7 0.77 0.43
F50-6 T L-T 3.1 0.89 0.50
-50-8 T L-T 3.2 0.92 0.52
F50-13 CVN L-T 1.2 0.36 0.21
FS0-19 CVN L-T 2.1 0.60 0.34
FS50-14 CVN L-T 2.7 0.77 0.43
F50-23 CVN L-T 31 0.89 0.50
F50-17 CT L-T 1.2 0.36 0.21
F30-18 CT L-T 2.0 0.58 0.33
F50-12 CT L-T 2.3 0.67 0.38
F50-19 CT L-T 3.0 0.88 0.50
F50-13 CT L-T 3.1 0.90 0.51
FF50-8 CT L-T 32 0.92 0.52
4M
Capsule
3HAS T L-C 6.2 1.8 1.0
IBBI T " LC 93 2.7 1.5
SBAS T C-L 114 3.3 1.9
4BB2 T C-L 12.8 37 2.1
1BB4 T L-C 13.1 3.8 2.1
HW1 CVN L-C 6.2 1.8 1.0
6HA6 CVN L-C 9.3 2.7 1.5
IHB1 CVN L-C 114 3.3 1.9
4BR9 CVN C-L 12.8 3.7 2.1
1BBS CVN L-C 13.1 38 2.1
IHAS CT L-C 6.2 1.8 1.1
1RBY CT L-C 1.6 2.2 1.3
1BB16 CT L-C 9.0 2.6 (.5
2W2 CT L-C 10.0 2.9 1.7
SBA7 CT C-L 11.0 3.2 1.8
3IHB4 CT L-C 11,7 3.4 1.9
THAS CT C-L 12.4 36 2.1
THAT CT C-L 12.4 36 2.0
1BB9 CT L-C 12.8 3.7 2.1
3BB10 CT C-L 13.1 3R 2.1
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Table 3-2 R-Tank Specimen Irradiation Parameters [1, 13, 26]. The temperature during
irradiaton was below 130°C. The R-disk A was cut at a tank azimuthal position near the peak
tast fluence sector; the R-disks B & D were cut from tank azimuthal positions near the gas port .
[Note that the labelling of A & C and B & D disk locations in Figure 1 of ref. 1 is reversed].
Dpa levels are calculated from Figure 3-1.

Specimen | Specimen | Onentation | Irradianon | Thermal Fast dpa
D Type Temp (°C) | Fluence, | Fluence,
102! n/cm? | Ep>0.1MeV,
102! n/cm?
RA3 Disk
SAlcC Sub T < 130 1.5 0.7 0.5
3A2a Sub T - < 130 3.5 0.7 0.5
3A3C Sub T - < 130 3.5 0.7 0.5
RA37 0.8T CT - < 130 3.5 0.7 0.5
RA38 0.8T CT < 130 3.5 0.7 0.5
RD3 Disk
4E Sub T < 130 6 0.1 0.21
4B Sub T < 130 6 0.1 0.21
S1 Sub T < 130 6 0.1 0.21
AF Sub T < 130 6 0.1 0.21
RD37 08T CT < 130 6 0,1 0.21
RD3IY 0.8T CT < 130 6 0.1 0.21
RD314 04T CT < 130 6 0.1 0.21
RD313 04T CT < 130 6 0.1 0.21
RB3 Disk
1F5 Sub T - < 130 6 0.1 0.21
1F3 Sub T - < 130 6 0.1 0.21
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Table 3-3 Thermal Shield Materials Irradiation in P-reactor [10, 19, 38]. The thermal fluence
s approximately 10X the fast fluence. Dpa levels are calculated from Figure 3-1.

Specimen | Specimen | Orientation | Inadiation | Thermal Fast dpa
1D Type Temp (°C) | Fluence, Fluence,
1021 n/cm? | Ep>0.1MeV,
102! n/cm?
Weid, Longitudinal (see Figure 4-6)
I T Long. <119°C 2.5 0.25 0.2
J T Long. <119°C  [3.0 0.30 0.2
3 T Long. < 119°C 10 1.0 0.6
1 T Long < 119°C 12 1.2 0.6
Weld, Transverse
| T Trans. < 119°C 2.7 0.27 0.2
2 T Trans. < 119°C 3.0 0.30 0.2
3 T Trans. < 119°C 11 1.1 0.6
4 T Trans. < 119°C 12 1.2 0.6
Heat- Affected-Zone, Longitudinal
1 T Long. < 119°C 2.8 0.28 0.2
2 T Long. < 119°C 11 1.1 0.6
Heat-Atfected-Zone, Transverse
| T Trans. < 119°C 2.9 0.29 0.2
2 T Trans. < 119°C 11 1.1 0.6
Plate, Longitudinal
1 T Long. < 119°C 2.9 0.29 0.2
J T Long. < 119°C 3.0 0.30 0.2
3 T Long. < 119°C 12 1.2 0.6
3 T Long. < 119°C 12 1.2 0.6
Plate, Transverse
] T Trans. < 119°C 2.9 0.29 0.2
D T Trans. < 119°C 3.0 0.30 0.2
3 T Trans. < 119°C 11 1.1 0.6
Kl T Trans. < 119°C 12 1.2 0.6
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Figure 3-1 Conversions from thermal and fast neutron fluence to displacements per atom for
the SRS reactor spectrum [3]. The thermal {luence contributions to dpa include the two-step
thermal neutron reaction with Ni-58 with the cross sections provided by Greenwood [37].
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4.0 MATERIALS TESTING AND ANALYSIS OF DATA
4.1 Overview

Mechanical properties and corrosion characteristics of the weldment components (Base, Weld,
and weld Heat-Atfected-Zone (HAZ) materials) are measured with Charpy-V notch (CVN),
tensile (T), compact tension (CT), constant extension rate tensile (CERT), and wedge-opening-
loaded (WOL) specimens [4, 5, 7]. The source materials for the irradiated mechanical property
studies are described in reference 7 and summarized in Section 2 of this report. The RMP
irradiations (Screening in the Universtiy of Buffalo Reactor and Full-term in the High Flux
Isotope Reactor) contained CVN, T, and CT specimens identical in design and material type to
specimens tested in the baseline (unirradiated) program of the RMP [35] providing a one-to-one
specimen match and allowing computation of the radiation-induced change in mechanical
properties. Specimens in the RMP included base, weld, and weld heat-affected-zone
vomponents tested at temperatures of 25 and 125°C, approximately bounding the tank sidewall
operating temperatures for power levels up to 2400 MW operation [2].

Tensile tests of specimens cut from a model of the thermal shield (see Section 2.3) and irradiated
in P-reactor [38) were also performed. The Thermal Shield irradiation materials included Base,
Weld, and HAZ components. The specimens were tested in two orientations, longitudinal
(parallel 1o the weld) and transverse (perpendicular to the weld), which correspond to the C-L
and L-C orientations, respectively, of the RMP tensile specimens.

Base material of the R-tank was tested from the R-tank discs (see Section 2.4). Subsized T
specimens and two separate CT planforms (0.8T and 0.4T) were tested at temperatures of 25 and
125°C. Other test temperatures, outside of the range 25 to 125°C, were investigated in the R-tank
testing program {11, 12] but are not listed in this report.

4.2 As-Irradiated Test Conditions Summary

The RMP specimen designs for CVN, T, and CT specimens, the R-tank disk CT and T specimen
designs, and the Thermal Shield T specimen design are described below. Final design for the
CT specimens was based on an evaluation of the effects of substandard (ASTM E399) specimen
size, load hole size and position, and side-grooves, as described in reference 35. The final
specimen CT design (E399 SR) {35, 42] was used in the HFIR 1Q and 4M irradiated specimen
testing. The testing results for the individual specimens at the conditions recorded below are
listed in Appendix 1 and summarized in Section 3.

The RMP specimens were machined to the applicable ASTM specifications (including the CT
12399 SR design), and assigned a unique identifier number that allowed traceability throughout
their testing history, as well as identification of their location and orientation with respect to the
original pipe ring section. The first number of this code identifies the pipe ring number, and the
adjacent letter indicates the material type (W = weld, B = base, and H = heat-affected-zone or
HAZ). The second letter (applicable to base and HAZ material only) identifies the side with
respect to the circumferential weld from which the specimen came from in the pipe ring (side A
or side B) as referenced in the cutting diagrams [see Appendix D of Reference 24). The RMP
specimens also included irradiation of Type 304L stainless steel in the HFIR 1Q capsule. The
Type 304L stainless steel was from wrought plate supplied by MEA (Code F50) [24, 43]. The
RMP irradiated specimen tests (from UBR and HFIR 4M irradiations) were conducted at
temperatures of 25 and 125°C controlled to + 5°C [5] and included both the ASTM L-C and C-L
»pecimen orientations (see Figure 4-1) {24, 42]. The specimen configuration and testing of the
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1Q specimens was identical to the UBR (CVN and T) and HFIR 4M (CVN, T, and CT)

materials testing,

Table 4-1 contains the mechanical specimen test matrix indicating the specimen material origin
iring number), mechanical specimen type, orientation and test temperature for the RMP (UBR
and HFIR 4M) specimens. Table 4-2 contains the T specimen test matrix for the Thermal Shield
specimens, and Table 4-3 contains the test matrix for the CT and T specimens cut from the R-
tank disks. Table 4-4 contains the test matrix for the Type 304L stainless steel material (F50
platey irradiated in the HFIR 1Q capsule.

Sections 4.3 to 4.5 describe the specimen design and testing of the (CVN, T and CT) for the
U'BR and HFIR specimens. An overview of the thermal shield materials testing (Section 4.6)

and the R-tank materials testing (Section 4.7) is also provided and references are given for
additional testing details.

4.3 UBR and HFIR Charpy Impact Testing

The CVN specimen design for notch toughness testing for the UBR and HFIR irradiations is
shown in Figure 4-2. The dimensions conform with those of the standard size Type-A specimen
identified in ASTM E 23-81, "Standard Methods for Notch Bar Impact Testing of Metallic
Materials."  The impact tests were conducted in accordance with this standard at the Buffalo
Materials Research Center. The baseline specimen test matrix shown in Table 4-1 lists the
number of specimens for each material melt tested at 25 or 125°C. The test results of absorbed
energy and lateral expansion for each specimen are contained in Appendix 1.

4.4 UBR and HFIR Tensile Testing

The tensile test specimen design (Figure 4-3) conforms to ASTM standards E8-81 and E21-79.
Test results of yield (0.2% offset) and tensile strengths (engineering), uniform elongaticn, and
percent reduction in area at specimen failure for each specimen are contained in Appendix 1. All
stress-strain curves were recorded over the entire range of load, up to failure and are recorded as
both engineering and true stress strain curves (Task Files 8§9-023-C-1).

4.5 HFIR Compact Tension Testing

Fracture toughness was evaluated by analysis of J-R curves obtained from specimens tested by
procedures that were in general conformance to ASTM E 813-81 (also E813-88) and ASTM
1152, Due to piping size constraints, the CT specimens were limited to a 0.4T-CT thickness,
that 1s, a 0.394-in (10 mm) thick specimen was the maximum that could be machined from the
pipe considering the curvature of the large diameter pipe stock. The diameter and location of the
loading holes were modified slightly to produce consistent and conservative J-R curves. All
specimens were side-grooved (10% on each side or 20% total) to reduce crack tunneling and to
provide an even, parallel crack front to assess crack extension. The final specimen design,

shown in Figure 4-4, was based upon extensive testing and comparison with specimens of
standard design [35].

A conventional load cell was used to measure the applied load to the CT specimen during testing.
Specimen load-line displacement was measured with an outboard clip gage. Crack extension
was calibrated with single-specimen compliance techniques. J-integral resistance (J-R) curve
inalysis was performed for both the modified-J (Jyg) and deformation-J (Jp) approach from the
i.d versus crack extension data. Flow stress values, (s, + $y)/2 (where s, and s, are the
cngineering yleld and ultimate tensile strengths, respectively) were obtained from corresponding

4 -2
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tensile data or from estimated flow stress properties in the cases where no corresponding data

existed [42]. A power-law of the form J = C(aaP) was fit to the data between the exclusion lines
(ASTM E 813-81, E 813-88) with the power law toughness corresponding to the onset of stable
wearing, Jic. defined as the intersection of the power law curve with the 0.15 mm (0.006 in)
exclusion line (see Figures 4-SA and 4-5B). The power law formulation of the J-R curve was
employed to facilitate construction of the material J-T curve discussed in Sections 6 and 7.
Values for Jic were also obtained as specified in ASTM E813-81 with results similar to those
from the power law formulation [24, 42, 44].

4.6 Thermal Shield Tensile Testing

Tensile specimens cut from the thermal shield model were 8-inches long with a gauge length of
2-inches, a width of 0.500-inches, and a thickness of 0.375-inches as shown in Figure 4-6.
Tensile tests were performed at room temperature on a 60,000 pound capacity tensile machine
with a strain rate of 0.005 inch/inch/minute [38, 39]. Strains were measured with a high
magnification extensometer and recorded to a strain of 0.8%. The extensometer was then
removed. Total elongation was calculated from the original and final specimen lengths. Yield
and ultimate strengths were based on the orginal cross sectional area. These tests were
conducted in the high level caves at SRL.

4.7 R-Reactor Tank Mechanical Testing

Tensile tests of sub-sized specimens, Figure 4-7, were conducted on an Instron tensile machine
according to pertinent sections of ASTM specifications E8 and E21 [12]. Tensile specimens
were taken from discs RA3, RB3, and RD3 and thus sampled the full range of irradiation
damage levels and helium contents. Initial and final specimen diameters were measured by
micrometer and from 2.5X photographs, respectively. Errors in diameter measurements were *
0.0001 and £ 0.003-inch, respectively. Specimen elongation and strain rate were calculated
from cross-head travel assuming a stiff machine and hence are approximate but allow comparison
among the specimens as they were treated alike. Tests at 25 and 125°C were conducted in air.
Specimens were held at temperature for 15-minutes before tesing.

The J-integral tests for fracture toughness were all performed on compact tension specimens of
the dimensions shown in Figures 4-4 or 4-8 at 25 or 125°C [11]. The four larger specimens
'RA3-7TA, RA3-8, RD3-7 and RD3-9) had a plan form of 0.8T-CT, but were only 0.45-inches
thick. The specimen thickness and plan form were limited by the thickness and curvature of the
tank wall. The four smaller specimens machined from disc RD3 were 0.394-CT specimens with

~0% sidegrooves (0.315-inch thick net section). Sidegrooves promote straight crack fronts and
racilitate crack extension measurement.

he CT specimens were tested on a 20,000 pound capacity screw driven Instron tensile machine.
Crack lengths were determined by the unloading compliance mehod with load line clip gauges to
measure displacements. Rotation corrections were made to the crack length measurements.

Load-displacement data were collected and stored by computor for analysis by both J-
deformation and J-modified procedures.
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Table 4-1: lrradiated Specimen Test Matrix | Mechanical Test / Orientation/ Temperature (*C))
for the RMP archive pipe weldment components (UBR and HFIR 4M Irradiation)

Tensile Charpy-V Impact | CT-Toughness
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Table 4-2: Specimen Test Matrix [Tensile Specimens in longitudinal or transverse orientation
(see Figure 4-6)) for the Thermal Shield Weldment Components (Base, Heat-Aftfected-Zone, and
Weld). The specimens were all tested at room temperature (25°C) [10].

Natenial Type Orientation (see Figure 4-6)
Longitudinal Transverse
Base 4 4
Heat- Attected- Zone 2 2
Weld 4 4

Table 4-3: Specimen Test Matrix [Mechanical Test/Temperature (°C)] for the base material
from R-Task Disks [11, 12].

R-Task Disk )l Tensile CT-Toughness
(Base Material
25 125 25 125
A 3 - 2 -
D 1 3 - 4
B 2 - - -

Table 4-4: Specimen Test Matrix {Mechanical Test) for the HFIR 1Q specimens comprised of
wrought plate of Type 304L stainless steel. The specimens were all tested at 125°C.,

Matenal Tensile Charpy CT-Toughness
Type 3041
Plate (F50)

A
BN
ON
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FIGURE 4-1: Schematic illustration of specimen orientation in the pipe ring (archive RMP
Materials [7]). The rolling direction of the original plate used to make the piping is parallel to the
pipe axis. The rolling direction of the plate materials used to make the tank sidewalls is
presumed to be parallel to the original plate length, along the tank circumferential direction.
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FIGURE 4-2: UBR and HFIR Charpy Impact Specimen Dimensions (inches).
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FIGURE 4-3: UBR and HFIR Tensile Specimen Dimensions (inches) [Type 2).
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specimen designs also included this 0.4T design and a 0.8T planform design [11].
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5.0 MECHANICAL TESTING RESULTS and DISCUSSION

Sl Overview

The etfects of irradiation on the mechanical properties of Type 304 stainless steel weldments are
quantfied in terms of the absolute values of tensile and fracture toughness irradiated properties
and. also. of the change from the unirradiated property values. The as-irradiated database
includes many experimentation variables including irradiation conditions (temperature, exposure
tevell exposure rate, and neutron energy spectrum), weldment component (base, weld, or HAZ),
onentation, material source (product form and comgosition), mechanical specimen configuration,
and test conditions (strain rate, temperature, and testing apparatus). Categories were constructed
»hown in Figure 1-2) to differentiate factors of major importance in evaluating irradiation effects
cie, weldment component, test temperature, and orientation). Selection of lower bound and
nominal as-irradiated mechanical properties from these categories to be applied to structural
assessement of the reactor tank sidewalls is discussed in Section 6. Effects of irradiation
temperature, exposure level, and composition are discussed separately below,

Exposure rate and neutron spectral effects can influence the evolution of irradiation damage
effects. Under SRS reactor tank sidewall irradiation conditions, exposure rate effects are
unimportant because the irradiation temperature is low (< 160°C). Neutron spectrum effects are
unimportant at high exposure levels since the mechanical response of the austenitic stainless steel

1s not strongly sensitive to fluence above a fluence of approximately 1 x 1020 n/cm? (E, > 0.1
MeV), ie., the degradation in properties has "saturated". Further discussions of fluence or dose
rate and neutron spectral effects will be presented in the future RMP report updating the K-
Surveillance Irradiation Program (§, 41).

Appendix 1 contains the individual results of the irradiated mechanical specimen testing for the
UBR, HFIR (1Q & 4M), R-tank, and Thermal Shield specimens measured at 25 and 125°C.
Figures 5-1A (25°C), -1B (125°C) to 5-3A, -3B show the tensile test results (yield and tensile
strengths), Charpy V-notch results (absorbed energy), and fracture toughness results (J at 1 mm)
as a function ot fast fluence exposure levels (see Tables 3-1 to 3-3) for each of specimens.
Figures 5-4A and -4B show the 25 and 125°C fracture toughness (J at 1 mm) data for each
specimen normalized by the its respective unirradiated value,

The average tensile, fracture toughness and impact mechanical properties and the change from the
average unirradiated values are listed in Tables 5-1A (absolute value), -1B (change from
unirradiated value) to 5-3A, -3B for the twelve categories defined by Figure 1-2. The properties
in these tables were obtained by averaging the combined set of individual irradiated property
results from Appendix 1 as noted in the tables.

[he stress-strain data plotted in a Ramberg-Osgood format and Jgeformation-R curves for the R-
Tank and HFIR 4M irradiations are provided in Appendix 2. The original sources for the UBR
and HFIR irradiated specimen testing data are references 24, 42, 43, 44, 45, and 46. The

original source documents reporting the fracture toughness and tensile data for the R-tank
specimens are references 11 and 12.

5.2 Effect of Irradiation Temperature and Exposure Level on Irradiation
Response

The SRS reactor tank sidewalls were irradiated at temperatures < 130°C [2], corresponding to the
historic reactor full power level of 2400 MW. The specimens in the database were irradiated at
temperatures from 75 to 150°C (Sections 3-2, 3-3). A comprehensive study of the effect of
iradiation temperature on the room temperature tensile properties of Type 304 stainless steel had

5-1
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been conducted by Bloom, et al [47]. The irradiation was conducted in the B-8 position of the
Oak Ridge Research Reactor and the specimens were irradiated to a common thermal fluence of 9
< 10-0 n/em? and fast fluence (Eq > 1 MeV) of 7 x 1020 n/em2. [In the ORR experiment position
A-9.adjacent to the B-8 position, the fast fluence (E, > 0.1 MeV) is approximately 2.5 times the
fast fluence (Eq > 1 MeV) or fission spectrum]. The irradiation temperatures in the Bloom
experiments [47], 93 to 454°C, span the temperatures of the specimens in this as-irradiated
Jatabase. The results of that study [47] showed that irradiation at 93 to 300°C produced a high
density of defect clusters on the order of 10 nm diameter and that the yield and ultimate strengths
were of approximately 90 to 100 and 115 ksi, respectively. The results of Bloom's study,
reproduced in Figure 5-5A and Table 5-4, show that the mechanical properties would be
insensituve to temperature under the irradiation conditions for the as-irradiated database.

The effect of fast fluence level (fluence) on the tensile properties of Type 304, 316 and 347
stainless steels for a low temperature (< 100°C) was conducted in the High Flux Reactor at Petten
Holland by Higgy and Hammad [48]. Yield points in the stress-strain curves for the stainless
steels were observed at fluences of 1.3 x 1019 n/cm? (B, > | MeV) and above. A saturation of
radiation hardening (increase in yield strength) was reported [48] at a fast fluence level of 4 x
101® n/em? (Eq > 1 MeV) (see Figure 5-5B). A correlation was developed showing the change
in yield strength to be linear with (fast fluence)!/2 from the minimum investigated fluence of 1.15
x 1018 n/cm? (E, > 1 MeV) to the saturation fluence.

Although the change (from initial or unirradiated) in the tensile properties of austenitic stainless
steels with fluence appears constant above a "saturation" fluence level, "saturation" of the
irradiated properties or a saturation exposure level are not rigorously defined in the literature. A
rend of a slight increase in radiation hardening (yield strength) or change in other mechanical
properties may occur at fluences above the "saturation fluence." [Note that plotting mechanical
property data on a graph that is linear in fluence may appear to "show" a saturation in properties

whereas a plot on a log scale shows a slight change in properties, especially when the data spans
one or more decades of exposure .

Several of the data in the as-irradiated database are of the same material (e.g. 1BB material),
allowing an assessment of "saturation” in changes in mechanical properties. The Thermal Shield
Jara, corresponding to fast fluence levels of 2.9 x 1020 and 1.2 x 102! n/cm?2 (En > 0.1 MeV)
(see Figures 4 and 5 in reference 10 and also Figure 5-1A) indicate that a "saturation" in the
ulumate tensile and yield strengths of base, weld, and HAZ components, each of common
material source, occurs at a fluence level of approximately 2.9 x 1020 n/cm? (E, > 0.1 MeV).
Similarly, the R-tank T specimens irradiated to 1 and 7 x 1020 n/cm? (E, > 0.1 MeV) also show
no strong dependency of hardening with fluence at this exposure range although there is
significant scatter in the yield strength data (see Figure 5-1A).

The 1Q material (F50 code Type 304L stainless steel) irradiated to fast fluence levels from 3.6 to

9.2 x 10-0 nfem? (Eq > 0.1 MeV) has similar strength values (from T specimens) and toughness
values (from CVN and CT specimens) (see Figures 5-1B to 3B and also Appendix 1 data). Also
the data from the 4M CT specimens of 1BB material irradiated to fast fluences of 2.2, 2.6, and

3.7 x 10°! n/em? (Eq > 0.1 MeV) with fracture toughess values (J @ 1mm) of 2621, 2641, and
2346 in-1b/in?, respectively, do not show any significant decrease with fluence. The toughness
data (J @ Imm) from R-tank specimens RD37 and RD39 at 1 x 1020 n/cm? (tested at 125°C) are
2700 and 2500 in-1b/in?, similar to the values from RA37 and RA38 at 7 x 1020 n/cm? (tested at

25°C), 2900 in-1b/in-= for both. Thus, the change in toughness with fluence is not significant at
the exposure levels of the as-irradiated database.
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The average results from the as-irradiated database in Appendix 1, representing irradiated
mechanical data at exposures from 0.1 to 4 x 1021 n/cm? (Eq > 0.1 MeV), are categorized in
Lables 5-1A.B 10 5-3A,B independent of exposure level. It is noted, however, that the irradiated
results from the UBR tensile data (125°C) suggest that "saturation” in hardening for weld
-omponents tested at 125°C has not occurred at 1.1 x 1020 n/em? (B > 0.1 MeV).

5.3 Tensile Data Results

Tensile results (strengths and ductility) for each tensile specimen in the UBR, HFIR (1Q and
M), R-tank, and Thermal Shield specimen irradiations are listed in Appendix 1. The HFIR 4M
tensile data are presented graphically in a Ramberg-Osgood format Appendix 2. The average of
the tensile data for the UBR, HFIR 4M, and Thermal Shield categorized by temperature and

onentation (see Figure 1-2) is provided in Table S-1A. The average R-Tank and HFIR 1Q data
are also listed separately in Table 5-1A.

As expected for Type 304 stainless steel, strength properties at the higher test temperature (125
"C) were slightly lower than the strength properties at the lower temperature (25 °C). Ducdlity as
measured by either elongation or reduction in area showed little temperature dependence. The
room temperature (25°C) average tensile property data exceed the ASME Section 11 required
values of 70 ksi for tensile strength, and 30 ksi for yield strength. No orientation effect on
material tensile properties was observed for the L-C and C-L test directions. The average
longitudinal (L-C) and transverse (C-L) elongations of the base, weld, and HAZ material are also
consistent with the required levels of 35 and 25%, respectively, although several individual data
at the lower bound data range were measured at 15% elongation. Therefore, based on the
vornposite uatabase for SRS specific materials and irradiation conditions, the tensile properties of
the reactor tank walls current and projected irradiation conditions are predicted to meet the
material property requirements of the ASME BPV code.

Hardening due to irradiation is evident in all of the test data except for the tensile strength of the
weld metal at 125°C. The observed decrease in tensile strength (- 6% ) for the irradiated 5W
material (irradiated specimen 5W24) of L-C orientation was not accompanied by any unusual
changes in yield strength or ductility. Data from the 6W52, 7W9, and 8W7 specimens also
~show low (~ 65 ksi) tensile srengths; no corresponding unirradiated tests were conducted for
these materials. lrradiation induced changes in yield strength and ductility for the remaining weld
specimens (UBR and Thermal Shield weld specimens tested at 25°C) show expected results and
are consistent with all data for the base and HAZ, specimens.

5.4 Charpy Data Results

Test results for each Charpy specimen are listed in Appendix 1. Table 5-2A summarizes the
1verage Charpy impact energy data. The average energy absorption exceeded 50 ft-1bs for base
metal, weld metal and HAZ material at both 25 and 125°C. These impact test results corroborate
the high toughness of Type 304 stainless steel for the temperature range of operation for all three
material types ( base, weld, and HAZ ), and both ASTM specimen orientations.

Regardless of test temperature, orientation, or weld component, irradiation reduced the energy
absorption under impact loading, as seen in Figure 5-6. All three material types (base, weld, and
HAZ) show a slight temperature dependence with lower impact energies at the lower
temperature, an effect reported earlier for irradiated Type 304L and 347 stainless steels [43).
Irradiation effects in the base and HAZ specimens were more prenounced at 125°C than at 25°C,

The lowest impact energies were for the C-L orientation at both test temperatures. These
observations suggest that segregation, ferrite stringers, or texture effects associated with pipe

5-3
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forming operatons are particularly sensitive to irradiation. Comparison of the UBR and 4M data
indicates no statistically significant decrease in impact energies with increased fast fluence (E >
0.1 MeV) from 1.1 x 1020 n/cm? to 3.8 x 102! n/cm2.

5.5  Compact Tension Data Results

The test results including the fracture toughness parameters from each compact tension specimen
are listed in Attachment 1. The Jdeformation-R curves for the 0.4T planform R-Tank and HFIR
M specimens are shown graphically in Attachment 2. Average fracture toughness properties for
the three weldments (base, weld and HAZ) are shown in Table 5-3A. The deformation-J values
shown in Table 5-3A were derived using a power law fit to the J-R curve data between the 0.15
and 1.5 mm exclusion lines. A linear analysis per the requirements of ASTM E 813-81 yields
similar results (5] which are included in the Appendix 1 data set.

Reductions in fracture toughness due to irradiation depended on both the weldment component
and the specimen orientation, as seen in Table 5-3A. The largest reductions in toughness
occurred for the HAZ specimens and the smallest for the base metal. The C-L orientation, where
the crack runs parallel to any stringers or segregation in the steel, was especially sensitive to
irradiation, an effect seen also in the CVN data. This observation is discussed further in
connection with fractography of the specimens in Section 5.6.

The fracture toughness data for the 0.8T compact specimens from R-tank illustrate the effect of
test temperature on fracture tougness. Both the J-integral value at crack initiation and at 1-mm
crack extension are lowered as the test temperature is raised. This temperature dependence of
fracture toughness is common to the austenitic stainless steels. Note also that the smaller size
(0.4T) specimen with sidegrooves has a lower fracture toughness than the larger (0.8T)
specimens and provides a conservative fracture toughness for structural assessments.

5.6 Fractography Results

Fracture surfaces of selected specimens were examined by scanning electron microscopy.
Materials selected for examination included: base, weld, and heat-affected-zone (HAZ); CVN

specimens irradiated in UBR and tested at 25 and 125°C; and a base metal tensile specimen from
R-tank wall tested at 25°C.

All CVN test specimens and all three material types exhibited ductile fracture at both test
temperatures. A typical fracture, Figure 5-7, shows microvoids and associated inclusions for
unirradiated and irradiated specimens. Energy dispersive X-ray spectroscopy analysis of the
unirradiated specimen fracture surfaces was applied to obtain a chemical assay of selected
precipitates. The analysis suggests the precipitates to be chromium and titanium carbides,
calcium-aluminum silicates and manganese sulfides. A bimodal microvoid size distribution was
found in the HAZ specimen from ring 3. In all other cases the microvoid size was uniform.
Transverse cracking was observed in one weld metal specimen and one HAZ specirnen. In the
HAZ specimen with the lowest impact energy, banding was evident on the fracture surface.
Metallographic examination of this specimen showed thin borders of of a second phase around
some austenite grains. This phase were identified as delta-ferrite and probably formed as a result
of the thermomechanical processing The cracks appear to be associated with inclusion stringers

or short bands of segregation leading to weakened areas aligned parallel to the surfaces during
forming.

The tensile test results for specimens machined from the R-tank discs A and D indicated ductile
fracture at both 25 and 125°C. Scanning Electron Microscopy analysis of the fracture surface of
the specimens tested at 25°C showed microvoid coalescence (dimpled rupture fracture mode).
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Table 5-1A: As-Irradiqted Tensile Data

Test Sample Engineering Engineering Total Reduction
Temperature ASTM Yield (0.2%) Tensile Elongation* in
Material N Orentation  Strength (ksi)  Strength (ksi) (%) Area (%)
Base 25 L-C 87.4 102.5 34.5 NR
C-L 86.2 101.7 41.5 NR
R-Tank A - 74.8 104.9 52.3 68.7
125 L-C 72.9 85.0 52.6 68.5
‘ C-L 74.5 86.4 37.2 73.5
R-Tank - 643 90.3 42.1 65.0
Type 304L L-T 65.6 79.2 33.6 60.8
HAZ 25 L-C 88.4 102.5 32.0 NR
C-L 89.5 103.1 40.5 NR
125 L-C 81.2 88.6 NR NR
C-L . - - -
Weld 25 L-C 90.1 104.2 36.5 60.8
C-L 96.0 105.5 274 52.7
125 L-C 55.9 64.6 36.0 72.6
C-L 60.2 65.2 32.0 59.3

Notes: 1) The results for the Base, HAZ, and Weld, L-C and C-L orientations are comprised of the
average of the properties from the UBR, HFIR 4M and Thermal Shield ir dividual specimens (see
Appendix 1), {The "longitudinal” orientation of the thermal shield specimens is taken as equivalent to the
C-L orientation of the RMP piping specimens; the "transverse" vrientation is taken as equivalent to the
L-C onentation].

2) The number of mechanical specimens in the various test categories are iisted in Tables 4-1 to 44
rsummed from the specimens listed in Appendix 1).

3) Specimens from a plate of Type 304L SS were irradiated in the HFIR 1Q capsule.

-4) The range of the Modulus of Elasticity (Young's Modulus) for the Thermal Shieid specimens is 24.4 x
10% 10 30.4 x 10% psi (page A1-3). The range of Young's Modulus for the HFIR 4M specimens is 27.3
x 108 10 36.1 x 108 psi (ref. 46).

D

Totl Elongation in respective gage lengths
NR = Not Reported
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Table 5-1B: As-Irradiated Tensile Data
(Average Change from Unirradiated Strengths)

Test Sample Yield: Tensile;
[emperatre ASTM AYield ATensile Aler/Unire Aloy/Unire
Material ) Orientation  Strength (ksi)  Strength (ksi) (%) (%)
Base 25 L-C 53.3 19.3 156 23
C-L 521 18.2 153 22
R-Tank . 36.3* 12.9* 97+ 14*
125 L-C 47.5 19.2 187 29
C-L 44.3 18.2 147 27
R-Tank - 353+ 19.3% 122 27%
Type 3041 L-T 36.8 10.4 128 15
HAZ 25 L-C 49.3 18.4 126 22
C-L 50.4 19.3 129 23
125 L-C - -
C-L - - - -
Weld 25 L-C 40.0 15.6 80 18
C-L 38.5 17.4 67 2
125 L-C 10.0 -6.2 22 -
C-L - -

*Unirradiated values for R-Tank assumed equivalent to the average (L-C & C-L) baseline properties at 25
and 125°C (from reference 35)
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Table 5-2A: As-Irradiated
Charpy Impact Data

Test Temperature Sample Energy Absorption Lateral Expansion
ASTM

Material °C) Orientation (ft-1bs) (mils)
Base 25 L-C 83 67
C-L 63 50
125 L-C 94 80
C-L 71 66
Type 304L 125 L-T 83 79
HAZ 25 L-C 80 59
C-L 54 43
125 L-C 84 66
C-L 63 56
Weld 25 L-C 64 50
C-L - -
125 L-C 87 77
C-L 78 65

The results for the Base, HAZ, and Weld, L-C and C-L orientations are comprised of the average of the

properties of the UBR and HFIR 4M data. Specimens from a plate of Type 304L SS were irradiated in
the HFIR 1Q capsule.
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Table 5-2B: As-Irradiated
Charpy Impact Data (Average
Change from Unirradiated
[Impact Energy)

Test Temperature Sample Energy Absorption Lateral Exp.
ASTM (Decrease) (Decrease)
Material (®)) Orientation  Aft-1bs; Alrr/Unirr (%) Amils; Alir/Unir(%)
Base 25 L-C 66; 44 13, 16
C-L 53; 46 43,52
125 L-C 135; 59 7,8
C-L 57,44 11; 14
Type 304L L-T 92, 53 7,8
HAZ 25 L-C 56; 41 21,26
C-L 41,43 30; 41
125 L-C 104, 55 19; 22
C-L 38; 38 25; 31
Weld 25 L-C 49; 43 34, 40
C-L . .
125 L-C 87,50 2,2
C-L 97; 55 18; 22
5-8
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Table 5-3A: As-Irradiated Fracture Toughness Data
(Deformation-J, Power law)

Test Sample  Ji¢ - Deformation J@ Aa=lmm Ave
Temperature ASTM Tearing
Modulus
Material "y Orientation (in-1b/in2) (in-1b/in?)

Base 25 L-C -
C-L - - -

K-Tank - 2092 (0.8T) 2900 125

125 L-C 1730 2547 127

C-L 942 1502 70

R-Tank - 1730 (0.8T) 2500 125
- 1122 (0.47) 1800 95

Tvpe304L LT 1513 2107 108
HAZ 25 L-C - - -
C-L - ' - -

125 L-C 982 1662 76

C-L 428 662 18
Weld 25 L-C - - -
C-L - - -

125 L-C 805 1542 77
C-L - - .

*R-Tank 25°C data from 0.8T planform specimens; R-Tank 125°C data from 0.4 and 0.8T
planform specimens
The results for the Base, HAZ, and Weld, L-C and C-L orientations are comprised of

the average of the properties of the HFIR 4M data. Specimens from a plate of Type 304L
5SS were iradiated in the HFTR 1Q capsule.



J.D. Npencer WSRC-TR-91.11
Degember 1991 Task # 89-023.C-]

Table 5-3B: As-Irradiated Fracture Toughness Data
(Deformation-J, Power law) (Average Change from
Unirradiated Values)

Test Sample  J @ !mm Irr/Unirr Ave Tearing Modulus Irr/Unirr
Temperature ASTM (Ratio;%A) (Ratio; %A)
Material °C) Orientation
Base 25 L-C - -
C-L - -
R-Tank* - (0.8T) 0.83; -17% 0.62; -38%
125 L-C 0.74; -26% 0.48; -52%
C-L 0.73; -27% 0.30; -70%
R-Tunk * - (0.8T) 0.90; -10% 0.53; -47%
- (0.4T) 0.65; -35% 0.40; -60%
TypeddLl L-T 0.78; -22% 0.45; -55%
HAZ 25 i L-C - -
; C-L . -
125 . L-C 0.50; -50% 0.40; -60%
C-L 0.35; -65% 0.12; -88%
Weld 25 L-C - -
C-L - -
125 L-C 0.59; -41% 0.31; -69%
C-L - -

*Unirradiated values for R-Tank assumed equivalent to the average (L-C & C-L) baseline
properues at 25 and 125°C (from reference 35)
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Table 5-4: Effect of irradiation temperature on room temperature tensile properties | Table
reproduced from Reference 47].

Tanue |
Room-temperature tensile properties of irradiated type 304 stainless steel.

Leradiation Yield stress (psi) % U::m;f:teht[e[rii)le | Feaoture | True True Elongation
B re . iF ;
remperaturo ; \ ] stress umtoym strain at ab
oy | iset | or [ | 5 Engi- | T | (psi) strain fracture ; fracture
C . offset | upper | lower | cering | rue | i (94) l (95) (o)
Do b oo | x| o<aos foc1o | 100 | { |
93 386 | 907 | 854 | 1122 | 1709 2882 . 420 | 140 5838
121 94.3 © 08.7 90.2 113.5 | 169.3 248.0 38.2 | 119.5 . 52.8
149 99.2 ¢ 100.8 93.5 ’ 118.9 - 151.8 | 298.4 38.8 { 111.0 i 50.4
177 930 1 987 92.3 113.8 1 169.1 | 247.0 39.8 122.0 S54.4 )
300 " 9l.5 ' 113.8 | 1475 % 208.7 25.9 139.0 ’ 38.5
' : 1 i
143 bsLe g 99.2 ! 133.0 I 930,0 20.4 134.0 | 40.4
371 $0.7 ! 977 | 142.5 233.8 81,7 1540 | 520
398 . 43.3 i 95.9 i 150.0 245.0 44.8 141.0 ] 83.0
154 435 | | 988 | i | 665
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UBR. R-Tank, Thermal Shield Data at Test Temperature of 25°C
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Figure S-1A: Yield and Tensile Strengths at 25°C as a function of Fast Fluence (E, > 0.1
MeV) for the UBR. R-Tank, and Thermal Shield Specimens

UBR, R-Tank, HFIR 1Q&4M Data at Test Temperature of 125°C
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Figure 5-1B: Yield and Tensile Strengths at 125°C as a function of Fast Fluence (En > 0.1
MeV) for the UBR, R-Tank, and HFIR 1Q & 4M Specimens
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UBR Data at Test Temperature of 25°C
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Figure 3-2A: Absorbed Impact Energy at 25°C as a function of Fast Fluence (Eq > 0.1 MeV)
for the UBR Specimens

UBR, HFIR 1Q & 4M Data at Test Temperature of 125°C
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Figure 5-2B: Absorbed Impact Energy at 125°C as a function of Fast Fluence (E5 > 0.1
MeV) for the UBR and HFIR 1Q & 4M Specimens
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Figure 5-3B: Fracture Toughness at 125°C as a function of Fast Fluence (E, > 0.1 MeV) for
the R-Tank and HFIR 1Q & 4M Specimens
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R-Tank Data at Test Temperature of 25°C
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Figure 5-4A: Normalized (Irr./Unirr.) Fracture Toughness at 25°C as a function of Fast
Fluence (Eq > 0.1 MeV) for the R-Tank Specimens. The unirradiated fracture toughness is taken
as the average of the L-C and C-L results from the 25°C Base material properties [ref. 35].

R-Tank, HFIR 1Q & 4M Data at Test Temperature of 125°C
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Figure 5-4B: Normalized (Irr./Unirr.) Fracture Toughness at 125°C as a function of Fast
Fluence (Ep > 0.1 MeV) for the HFIR 1Q&4M and R-Tank Specimens (the unirradiated fracture
toughness is taken as the average of the L-C and C-L results from the 125°C Base material
properties for the R-Tank Specimens [ref. 35].
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Figure 5-6: Effect of test temperature on impact energies of irradiated CVYN specimens [figure
copied from Reference 43}.
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Fra 19 {24] Charpy impact fracture surface and companion microstructure of heat-affected zone
specimen SHB-16 (L-C orientation). Fractograph-260X magnification.
Micrograph-195X.

Fiao 48 [24] Scanning electron microscope photomicrograph of the Charpy fracture surface of
irradiated specimen 3HA-34, 650X magnification. This figure shows the
combination of large and small voids which comprise the fracture surface.

Figure $-7: Fracture surface of the UBR CYN specimen 3HA-34 and unirradiated CVN
specimen SHB-16 (reproduced from reference 24, Appendix U)
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6.0 IRRADIATED MECHANICAL PROPERTIES: ENGINEERING
STRUCTURAL ANALYSES

6.1 Overview
t.1.1 Comparison of RMP, R-Tank, and Thermal Shield Materials to SRS Tanks

The material and irradiation conditions of the mechanical specimens in the as-irradiated database
are similar to the SRS reactor tank sidewalls. The properties of the specimens, therefore, may be
applied in estimating the mechanical properties of the tank sidewalls in engineering analyses.
The SRS reactor tanks were constructed [27] and began operation in the 1950's. The tank
sidewalls were produced from 0.5 inch thick plate rolled and joined by Inert-Gas-Shielded Metal
Arc Welding with bare Type 308 filler wire. Additional fabrication details and materials'

composition for the tank are provided in Section 2.5 and in the original tank construction records
{27].

The materials for the RMP irradiation and mechanical testing programs were eight separate rings
of 16 inch diameter, schedule 40 (0.5 inch thick) Process Water System piping from the R-
reactor [7]. The piping installed in 1957 (the materials source) was fabricated per site
specifications governing ;%e manufacturing and installation of the piping. All piping contacting
the heavy water moderatur was fabricated originally from Type 304 stainless steel per Du Pont
Specification SW 304M (Grade 304) as listed in Specification 3018, P39.010 and P39.020,
issued November 11, 1951 with latest revision January 24, 1957. The construction design code
of record was American National Standards [nstitute (ANSI) B31.1. The piping was joined with
[nert-Gas-Shielded Metal Arc Welding with bare Type 308 filler wire. The initial materials of the
RMP were therefore typical of the initial tank materials. Additional details of the RMP piping
matenials irradiated in the UBR and HFIR capsules is discussed in Section 2.2 and reference 7.

The materials from the Thermal Shield model are also similar to the materials in the SRS reactor
tanks. The R-Tank disks provide actual tank sidewall material irradiated during reactor operation
to fluence levels of 1 and 7 x 1020 n/cm2 (E, > 0.1 MeV) (Section 2.4). The base weldment
component of the Thermal Shield specimens is 1950's vintage Type 304 stainless steel. The
HAZ and Weld components of the Thermal Shield model (Section 2.3) were not prototypic of the
reactor tank weldment components but are representative to the weldment components of reactor
construction (thermal shield) and the irradiated properties are consistent with the R-tank and
RMP irradiated property results; therefore the Thermal Shield irradiated property results are
1dded to the database for selection of properties for engineering structural analyses. The Type
}04L material from the HFIR 1Q capsule is part of the as-irradiated database contained in this

report, but is not applied in the selection of properties for structural analyses since the tank
materials are not Type 304L stainless stecl.

6.1.2 Reactor Tank Sidewall Exposure Levels

The reactor tank sidewalls were exposed to a complex neutron irradiation during reactor
operation which involved several types of reactor charges and periods of operation. The
cumnulative reactor tank average and peak exposure levels in terms of fast and thermal neutron
fluence were calculated by Gorrell [49] with a four-goup diffusion code applied to reactor
operation with several types of reactor charges. Baumann refined these calculations by applying
azimuthal flux distribution maps to the fast and thermal fluences and re-calculated the level of
thermal neutron exposure based on helium assay results from tank wall scrapings [1].

The tank sidewalls have been exposed to fast fluence levels between ~ 1020 n/cm?2 and 2 x 102!
n/cm? (Eq > 0.1 MeV) [2] except for regions at the tank bottom (T-weld), tank top (expansion
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ring), and tank nozzles outside the plane of the sidewall which have been exposed to much
smuller tast tluences. The properties in this report were collected from specimens irradiated from
| x 1020 10 4 x 1021 n/em? (E, > 0.1 MeV) (Section 3). Since the response to irradiation is not
highly sensitive to the exposure level at these conditions (see Section 5.1), the properties are
representative of the tank sidewall properties. Futhermore, blanketed operation has greatly
- reduced the rate of additional fast fluence accumulation (1] and the highest fast fluence exposure
ievel (4 x 1021 n/cm?) bounds the maximum tank wall future level for at least SO additional years
of operation at 2400 MW with 66% innage or 1600 MW [1, 13]. Thus the irradiated database is
applicable to structural analyses for the remaining service life. Additional details of the tank wall

nradiation history including fluence rate and tank wall thermal to fast fluence exposure levels will
he provided in a future RMP report (5].

6.1.3  As-lrradiated Database: Development of Properties for Engineering Analyses - Summary

The as-irradiated results were produced at temperatures approximately bounding reactor tank wall
remperatures including the maximum sidewall temperature at historic full power (~ 130°C) {2]
and are applicable to analyses of the tank materials for these temperature conditions. Structural
(stress) analyses of the reactor tank are not affected by the increase in the yield and tensile
«trengths for loading conditions below design yield. For loading conditions resulting in stress
levels above design yield, but below the irradiated yield strengths, the tank sidewalls would not
undergo plastic deformation.

Furthermore, irradiated tensile results reported by Joseph [10] (see Appendix 1) show that the
modulus of elasticity is not significantly changed as a results of irradiation. Therefore the
application of code design values for Types 304 plate materials and Type 308 weld material
properties are valid in the stress analysis of the reactor tank [50].

Commercial nuclear codes do not specify fracture toughness properties for irradiated austenitic
stainless steel weldment components in either design or flaw evalution criteria. Material fracture
toughness parameters for elastic-plastic fracture mechanics analysis of postulated flaws have
been developed from the as-irradiated test results. "Nominal" and "Lower Bound" material
toughness parameters have been defined.

Digitized J-R curve data and tensile curve data for the individual specimens from the R-tank
testing and RMP testing are retained in the RMP Task Files (SRL-NRTSC Task 89-023-C-1).
Selected J-R curves and tensile data are shown in Appendix 2. Material fracture toughness and -
tensile properties for tank fracture analysis are discussed in Sections 6.2.3 and 6.4, respectively.

6.1.4 Baseline Properties for lrradiation Effects Studies

The as-irradiated results (Section 5) were presented in terms of both absolute average property
level and change froin unirradiated property level. The corresponding baseline (unirradiated)
mechanical properties for most of the RMP as-irradiated materials (e.g. HFIR 4M specimen
2W2) were measured and are reported in reference 33.

Several irradiated sample categories (e.g. HAZ, C-L, 125°C) are comprised of one or two
specimens. The percent change in the mechanical property from these categories could be
applied to the baseline properties database [35] to provide additional confidence in the absolute
property level of that category. For example, the as-irradiated category "Weld, L.-C, 125°C" for
clastic-plastic fracture toughness was based on the one specimen 2W2. A total of 5 specimens
comprise this category for the baseline testing {35]. A reduction of 41% (see Table 5-3B)
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applied to the average baseline result of 3220 in-lb/in2 for J at | mm [35] yields an absolute
toushness of 1900 in-1b/in2,

Application ot the unirradiated results to the irradiated database has been done qualitatively to
wdentify the Lower Bound material fracture toughness (Section 6.4). The category HAZ, C-L.,
125°C vields the lowest baseline toughness {35]. Furthermore, material 7HA yields the lowest
toughness in this category.

6.2 Tensile Properties
6.2.1 Tensile Properties for Structural Analysis

The tensile data in this testing program were generated in conformance to ASTM testing
specitications and are applicable to engineering analyses. The average irradiated yield and tensile
strengths for the base and heat-affected-zone materials and elongations are equivalent to or
superior to the ASME Boiler Pressure Vessel Code Section II (Material Specifications) and
Section III (Design) values for Type 304 stainless steel plate. The ASME BPVC, Section 11
vield and tensile strength design values (A240) for Type 304 stainless steel plate are 30 and 75,
respectively with minimum elongations of 35% (longitudinal) and 25% (transverse). The
irradiated strength results (Section 5) exceed these specifications and the irradiated material
elongations meet the code-specified elongations. Similarly, the tensile strengths of the archival
weld materials (Type 308 stainless steel) are superior to ASME-required (SA-358) values for
welded pipe. It is thus demonstrated that the ASME code tensile property values (strengths) are
conservative to the irradiated property results. Therefore structural (stress) analyses of the
reactor tank are not affected by the change in tensile properties.

6.2.2 Flow Stress Evaluation

The flow stress is applied in the development for both applied and material J-T curves. The
Tearing Modulus (see Section 7) is a function of the flow stress. The flow stress is defined as

(Sy +$,)/2, where 8, is the 0.2 percent offset yield strength (Engineering) and s, is the ultimate
tensile strength (Engineering) [24]. The application of either Engineering or True strengths could
be applied in the J-T instability analysis (Section 7); the instability criteria or the results of the
analysis are equivalent. Note that the yield strength (0.2 percent offset, True) is applied in the

development of the Ramberg-Osgood formulation of the True stress-strain curves for the
irradiated material (Section 6.2.3).

6.2.3 Tensile Properties for Fracture Analysis

Parameters from true stress-strain curves are input into calculation of applied J in the fracture
mechanics analysis of the tanks (Section 7). The tensile parameters include the yield strength and
Ramberg-Osgood parameter for the True stress-strain curves. The tensile curve characterization
in the Ramberg-Osgood format is:

£

=9 o
=gl

<

(13)

where Oy is the yield stress (True) and Ey is equal to oy/E with Young's modulus, E (taken as 28
x 106 psi),
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ldeally, Ramberg-Osgood parameters should be obtained from the tensile data for a T specimen
‘rom the identical material and orientation as a corresponding CT from which the fracture
woughness is measured. The 4M specimen 7THAS (HAZ, C-L orientation), the Lower Bound
oughness specimen, did not have a companion tensile specimen in the 4M capsule. The tensile
properties (Ramberg-Osgood parameters) from the 4M HAZ, L-C tensile specimen was applied
instead since the tensile properties are not dependent on orientation.

The Ramberg-Osgood values for the as-irradiated categories are contained in Appendix 2.

6.3 Charpy V-Notch Impact Energy

Charpy V-notch results are not applied in either structural analyses or fracture analyses for the
reactor tanks, The results of CVN impact tests indicate relative toughnesses among materials.
Consequently, an evaluation can be made of the effects of processing variables, heat treatment,
test temperature, and sensitivity to irradiation on the toughness of a material type. The UBR
irradiation program was developed to provide a survey of the piping ring material (7] to compare
the base, weld and heat-affected zone weldment components for the L-C and C-L orientations at
test temperatures spanning the operating conditions of the reactor tanks. The results of the UBR
CVN tests (Section 5) show no particular sensitivity of material type to irradiation. [The
evaluation of sensitivity to irradiation should be performed after normalization with the
unirradiated absorbed energy results]. As discussed in Section 5, the Charpy impact energy
results (absolute values) indicate a directional dependency (C-L vs. L-C) consistent with the CT
tracture toughness results (J values) from the HFIR 4M specimens.

Additional data analysis of the UBR results is provided in reference 24.

6.4 Fracture Toughness - CT Specimens

The commercial nuclear construction code, ASME BPV code Section III, and requirements for
in-service inspection, ASME BPV code Section XI, do not specify fracture toughness properties
for irradiated austenitic stainless steel weldment components in either design or flaw evalution
criteria,  The fracture toughness data generated in this study provide site-specific fracture
toughness parameters for elastic-plastic fracture analyses of the SRS reactor tank sidewalls.

The comparison of the as-irradiated toughness results and selection of "nominal” and "lower
bound" properties for engineering analyses is based on the J value at a crack extension (Aa) of 1
mm from the J-R curve. The average J at Aa = lmm of crack extension for each category is
listed in Table 5-3A with individual specimen results listed in Appendix 1. The onset of stable
earing [44], denoted by Jic (Table 5-3A), calculated from the J-deformation formulation, is not
used as a basis for selection of engineering properties. The parameter Jic, a calculated parameter
and the associated average tearing modulus, T, are subject to uncertainty because of the
approaches to deal with regression analyses of unloading compliance data, selection of different
etfective elastic moduli, and weatment of blunting line data; also, the ASTM definition of Jic has
recently changed (see Section 4), )

From the results of J at Aa = lmm listed in Table 5.3A, the lower bound toughness category is
the HAZ, C-L category with J @ 1mm of 662 in-1b/in2. The remaining categories have ] @
Imm values from 1502 to 2900 in-1b/in2.. As noted in Section 5, a clear directionality effect for
the Base and HAZ materials exists for the absolute as-irradiated toughnesses with the L-C
orientation having higher toughness than the C-L orientation. [The C-L orientation provides a
crack plane along the pipe axis or rolling direction of the original plate material].

ey TR T TR AR T TR we oo o e e w
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(Characterization of the material resistance to fracture is given by J-R curves and the associated
muterial J-T curves developed from the power law fit to the J-R curve data to represent the
muatertal resistance to fracture. The J-R curve is the proper format since all the specimens
exhibited a ductile fracture mode and the elastic-plastic deformation mode is appropriate for the
compact tension specimen design (and for fracture characterization of postulated tank flaws),
The material J-T curve from the J-R data is given by:

Ip [!D_‘.‘T.] = CAa"™ with Aa in inches

in”

and.

=[N E
aa™ s

where the expression for Jp (J-deformation) is the power law formulation of the J-R curve data
with the coefficient parameter, C, and the exponent parameter, N [Note that the power law
parameters for the RMP CT data are contained in Appendix 1 for J in units of kJ/m?].

Figure 6-1 shows the material J-T curves from the HFIR 4M CT specimens; the equations
describing the J-T curves are contained in Appendix 2. The 4M materials included at least one
specimens from each category (Figure 2-1) at 125°C except for the Weld, C-L category. It is
seen in Figure 6-1 that the THA specimens (THAS and 7HA7) are the lower bound results to the
4+M data. Alternatively, the low carbon (0.035%) 1BB specimens (Base, L-C category) had the

highest toughnesses of the 4M specimens. The remaining 4M specimens possess J-T curves at
similar toughness levels,

For the pupose of identifying material toughness for elastic-plastic fracture analysis (Section 7),
the J-T curve from the 7HAS specimen is ascribed as the "lower bound" irradiated material
toughness, and the J-T curve from the 2W?2 specimen is ascribed as the "nominal" irradiated
material toughness. The corresponding Ramberg-Osgood parameters from the 125°C HAZ, L-C
category (specimen 3HAS8) may be applied to calculate Japplied (Section 7).
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Material J-T Curves - HFIR 4M Specimens
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Lower Bound Material Fracture Toughness Parameters (from Appendix 2)

The J-T curve (THAS) equatinns are:

Ip [42] = 94942% %%, with Aa in inches
n
and,

T = 0.3901
Ag0-8400

&

for sf = 84.9 ksi, with the limit on Aa of 0.1181 inches corresponding to J = 674 in-1b/in2.

The Ramberg-Osgood parameters from corresponding tensile data (3HAB) are: o = 5..‘52; n =
10.8; with oy = 81.2 ksi.

Figure 6-1: Material J-T curves from the HFIR 4M capsule. The curves represent as-
irradiated property categories from each category at 125°C except for the Weld, C-L category.
The J-T curve from specimen THAS is the Lower Bound material fracture toughness and the
curve from specimen 2W2 is ascribed as the Nominal material fracture toughness for elastic-

plastic analysis of tank flaw postulates (Section 7).
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7.0  AS-IRRADIATED MECHANICAL PROPERTIES: APPLICATION TO
TANK FRACTURE ANALYSES

7.1 Introduction

The results in Section 5 demonstrate that the SRS reactor tank sidewall materials, irradiated
weldment components of Type 304 stainless steel with Type 308 stainless steel filler, remain
tough, ductile materials at test temperatures and exposure conditions corresponding to current
and anticipated future operating conditions of the SRS reactors. The CT testing results show that
with increasing load applied to a pre-cracked specimen, the material undergoes significant plastic
Jdeformation and crack tip blunting prior to initiation of crack growth by ductile tearing [Section
5.6 and references 11, 42, 45, and 46]. With this material characteristic and under increasing
load, crack growth initiation is followed by stable growth by tearing prior to unstable tearing,
Hence, the maximum load that a flawed section can carry may be appreciably greater than the
load that causes the initiation of flaw growth. Under these conditions, a safety analysis of a
flawed component should give explicit consideration to crack tip plasticity and stable crack
growth by tearing that precedes fracture instability.

Fracture mechanics can be broadly divided into several general categories, namely linear-elastic
(LEFM), elastic-plastic (EPFM), plastic or limit load analysis, and combinations thereof. Linear
elastic fracture mechanics (LEFM) techniques ignore crack tip plasticity. LEFM methods can
take into account a rising crack resistance during stable growth, but its predictions may give
inaccurate estimates of the load carrying capability of the component.

The evaluation of flaw stability or fracture analysis of a structure requires mechanical property
data, stress analysis, and a fracture mechanics methodology. A fracture analysis of the SRS
tanks, applying an elastic-plastic fracture mechanics methodology, was previously performed
(50]. Estimated as-irradiated properties had been applied to calculate tank flaw instability
lengths. Subsequently, irradiated property data became available from the RMP irradiation
programs. "Nominal" and "lower bound" as-irradiated mechanical properties including elastic-
plastic fracture toughness properties for the tank fracture mechanics analysis were provided in
Section 6. Several of these results have been applied in recent analyses of the SRS reactor tanks
(51, 52). A fracture handbook for the SRS reactor tanks will be prepared as part of the RMP [5]
allowing material-specific properties to be applied to evaluate flaw stability. An overview of the
elastic-plastic fracture mechanics methodology for the tanks, the J-T instability criterion, and an

example of the application of the as-irradiated properties to flaw stability evaluation are provided -
in Section 7.2.

7.2 SRS Reactor Tank Fracture Analysis

The elastic-plastic fracture mechanics approach, based on the J-integral and the associated tearing
modulus, T, instability criterion (53, 54], has been applied to determine the load capacity and
calculate safery margins for postulated flaws in the reactor tanks {50, 51, 52]. Figure 7-1 shows
schematically the definition of flaw instability for evaluation of flaws. There are several
considerations in the J-T approach to assess flaw stability. The first consideration requires
equilibrium between the potential to extend an existing crack, Japplied, and the material
resistance to crack extension, Jmaterial or J-R curve. The quantification of the irradiated material
fracture resistance is given in Section 7.2.1.

The J-integral (J ap lied) is a measure of the elastic-plastic stress-strain field around the crack tip
field for any spemf'ied crack geometry and loading; Japplied is dependent on the material stress-
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strain relationship. The Tapplied formulation for the SRS reactor tank analysis is discussed in
Secuon 7.2.2.

3y combining the crack driving force solution for a specific crack/structure geometry Japplied)
with the experimentally determined material J-R curve, it is possible to predict the critical load (or
Jisplacement) at which unstable crack propagation occurs. This determines the amount of stable
crack growth achicvable prior 1o instability.  Specifically, the J-R curve is superimposed on the
Japplied diagram at the appropriate initial crack iength, a,. Equilibrium requires that the J driving
force be equal to the material's resistance to crack growth at each applied load level. Crack
mstability occurs at the crack length corresponding to the tangency between Japplied and
Jmaterial 3s shown in the diagram at the bottom of Figure 7-1. A convenient means to define the
margin against instability involves plotting J versus T for the applied and material resistance
values. A schematic diagram showing crack instability as the intersection of the two J-T curves
is given in the top diagram of Figure 7-1.

This point of instability is expressed by [53, 54]:

Japplied = Jmaterial
Tapplied = Tmaterial (2)

where T‘(nondimensional) is the tearing modulus defined as:

- E djapplied
Tapplied""i" da
8°f
T o E [Ynaeda
material ™ o da
St (3)

and where:  E = the elastic modulus (28 x 100 psi), and
sf = flow stress (Section 6.2.2).

The second consideration in the J-T approach is that proportional loading of the crack tip field

must be satisfied during crack growth. The condition for the proportional loading (J-controlled

Jrowth) is:

m:{@)*(bj}»], (1)

where b 1s the remaining ligament, and a is the crack length. Generally, only small amounts of
crack growth are allowed under the strict requirements of J-controlled growth. It has been
previously reported that J-controlled growth requirements are satisfied when @ is greater than 10

[55], but recent studies show that crack extension to w = 1 meets the proportional loading criteria
{35]. The large (1T) vs. small (0.4T) specimen testing performed in the RMP baseline program
tSection 5.5 of reference 25) provide justificaton for a cut-off in the J-R data up to at least Aa = 3
millimeters. Since the crack growth in the large (1T) specimen, n which @ is greater than 10 at

Aa =3 mm, yielded results equivalent 0 the small (0.4T) specimen up to at least 3 mm, crack
extension in the 0.4T planform specimen apparently occurred under J-controlled growth
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remaining ligament in the small specimen sufficient to aliow J-controlled growth up to 3 mm).
Ihe w at Aa = 3 mm for the 0.4T planform specimen is 1 (RMP Calculation Set #91-03, Part 2).

The parameter @ at Aa = 3 mm for the irradiated specimens is also approximately 1 and therefore
acutoff at da =3 mm (0.118 inches) is recommended for the irradiated J-T curves (Section 6).
The equations for the irradiated material J-T curves are provided in Appendix 2.

Section 7.2.1 outlines the approach in development of the as-irradiated material propertes in the
J-T instability criterion analysis for the tanks. [The application of material toughness properties
rom this testing program to the tank is discussed for the J-deformation material fracture
toughness results which are similar to the J-modified results for crack extension (Aa) of
approximately 1 mm and lnwer bound to the J-modified results at crack extensions greater than
approximately | mm (see ref. 35, Figure 4-4). The testing results for the J-modified formulation
are vontained in the final reports by Materials Engineering Associates and Westinghouse Electric
Corporation [11, 42, 45, and 46]].

Section 7.2.2 provides references for the approach and methodology in the definition of the
applied J-T for the tank fracture analysis.

Section 7.2.3 provides an example of the application of the as-irradiated properties to a flaw
stability analysis (reproduced from reference 31).

7.2.1 Materiul J-T Curves

The J-resistance (J-R) curves developed in this work provide the material fracture toughness for
the SRS reactor tank sidewall weldment components.

The J-R curve defines the material resistance to crack extension. J-R curves for each of the CT
specimens are contained in Appendix 2 to this report. The lower bound toughness for the
irradiated material (7HAS) bounds the material toughnesses for the specimens tested in the SRL
irradiation programs (Section 6).

The equations describing the material J-T curve formulation are provided in Section 6.4. The J-T
curves from the 4M specimens are shown in Figure 6-1, The data range corresponds to Aa of
(.2 mm up to the limit of J-controlled crack extension, with the upper limit of J validity taken at
the J value at Aa = 3 mm of crack extension. Alternate "cut-off” options are presented
schematically in Figure 7-2.

7.2.2 Applied J-T Curve Formulation

As shown schematically in Figure 7-1, elastic-plastic fracture mechanics analyses are based on a
comparison of the J-integral crack driving force (Jappljed), which reflects the crack configuration
and applied loads, and the crack growth resistance in a given material {53, 54]. An estimation
procedure for calculating the J crack driving force for several cracked configurations has been
established [58]. The Japplied formulation for axial and circumferential flaw postulates in the
SRS reactor tanks for pressure loadings, thermal gradient loadings, and residual stresses are
discussed in detail in reference 50 and summarized in reference 51. The following discussion
provides an overview of the development of the applied J-T for the reactor tank fracture analysis.

The Japp' .ed formula for pressure loadings are calculated from the formulas for a crack in an

mrinite plate with suitable shell correction factors to account f.r the curvature effects (53, 54].
Standard formulas [56] for calculating stress intensities for bending stresses due to thermal
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zradient loadings were applied, The stress intensity for residual stresses are calculuted by
applving a residual stress distribution with a peak stress of 45 ksi in the form of nodal loads on
the nodes at the crack surface in a finite element model of the tank. The stress intensities from
the pressure loadings, thermal gradient loadings, and residual stresses were added linearly and
converted into Jupplied with the expression Japplied = K2/E where K was the sum of the stress
mtensities and E 1s Young's Modulus (given above).

he set of Japplied values as a function of crack length (a) is formed and the applied tearing
modulus (T) 1s calculated with the expression shown above.

7.2.3 Flaw Stability Analysis: Example Case

For the development of UT Acceptance Criteria for the inspection of the SRS reactor tanks [51],
the elastic-plastic J-T instability criteria was applied to postulated flaws. The lower bound
matenal J-T curve from the 7THAS specimen together with the applied J-T from normal operation
plus accident or seismic loadings were applied to the J-T instability analysis. The most limiting
instability crack length of 25 inches is seen as the intersection of the material and applied J-T
curve construction shown in Figure 7-3. The loading cases, including a safety factor of 1.4 on
the accident pressure loading, are noted at the top of the figure.
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Figure 7-1: Equivalent J-T, J-a Dlustrations of Crack Growth Stability [51].
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Figure 7-2: Material J-T Curve "Cut-off" Options to define instability:

(1) Power-law extrapolation of the material J-T curve to intersect the applied J-T curve;
(2) Linear extrapolation of the material J-T curve to intersect the applied J-T curve;
(3) Horizontal cut-off at d2J/(da)? or dJ/da = 0: and

(4) Horizontal cut-off at w = 1 (recommended, see Section 5-5 of Reference 35).
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Figure 7-3: Example case of derivation of instability crack length with J-T analysis. The case
is the most limiting case (shortest instability crack length) for the reactor tank. The example is

reproduced from reference 51.
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8.0 RMP IRRADIATION EFFECTS STUDIES

8.1 Introduction

I'he Reactor Materials Program (RMP) activities to study irradiation effects on the mechanical
and corrosion properties of the archival materials are listed in the RMP Action Plan [S]. The
studies include both as-irradiated mechanical and corrosion testing and mechanical testing of
specimens having been post-irradiation, thermally-cycled to evaluate helium embrittlement
¢ffects. This report provides the results of the as-irradiated mechanical testing. Additional
activities to analyze irradiation effects to material properties have been completed or are in
progress and are briefly described in this section. These studies provide improved understanding
of the irradiation effects to the tank sidewalls and support the technical evaluatdon of SRS reactor
tank service life.

Additional mechancial testing of specimens from the HFIR 12M capsule [28] and the K-
surveillance capsules are planned under the RMP. The as-irradiated database provided in this
report will be supplemented by the mechanical test results from the HFIR 12M specimens and the
K-surveillance specimens. The as-irradiated database will be applied as material input data to the
tank fracture handbook [3].

Microstructural and microchemical studies of Type 304 and 304L stainless steel from the
sidewall of R tank and the RMP irradiation programs are being performed as part of material
characterization studies to provide improved understanding of the mechanical and corrosion
property response to irradiation at SRS reactor tank wall conditions. The scope of the
investigations has been previously planned and specified [28] and activities are in progress.

Fractography analysis of the broken mechanical test specimen surfaces have been completed for
the UBR Charpy V-notch (CVN) specimens [24] and the R-tank Tensile (T) specimens [12].
The fracture mode of the irradiated material is completely ductile tearing, the same as the
unirradiated materials. A summary of the fractography analyses are provided in Section 5.6.

8.2 Additional As-Irradiated Testing: 12M & Surveillance Specimens

The 12M capsule contained 18 CT, 9 CVN, and 9 T specimens and was identical in design to the
HFIR 1Q and 4M capsules. The as-irradiated testing of the 12M specimens {28] will provide
additional as-irradiated data at highly exposed (7 dpa) levels to evaluate the trend of "saturation”
in degradation and to evaluate the effects of the helium at present and future tank wall maximum

helium levels on the mechanical response. The testing of the 12M specimens will be performed
1t ORNL in 1992 [28].

The K-Surveillance program provides a total of 60 CT, 60 CVN, 40 T, and 20 Wedge-Opening
L.oaded (WOL) specimens loaded in 12 separate specimen holders with 4 holders per specimen
rod. The rods are located in the core of the K-reactor in the far side spargers. The K-
Surveillance will provide: confirmatory data to the HFIR (high exposure level results) for
specimens irradiated at neutron spectral, fluence rate, and moderator environment conditions
more typical of the tank wall exposure history; expanded testing options; and compliance with the
intent of ASTM-C185-82 for LWR Surveillance Programs [41]. The irradiation plan and testing
plan for the specimens in the Surveillance [rradiation will be provided in a future RMP report {5].
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8.3  Microstructural Analysis and Mechanical Property Correlation

Microstructural characterization of the as-irradiatied stainless steel involves the identification and
quantitication of the size and number density of the lattice defect complexes and helium bubbles
nroduced during irradiation. These microstructural features, produced as a result of irradiation,
are responsible for the changes in mechanical properties of the material. The scope of the studies

includes R-tank material (7 x 1020 n/em?2, Eq > 0.1 MeV), specimens from the UBR Screening
Irradiation (1.1 x 1020 n/cm?2, Eq > 0.1 MeV), and the HFIR Full-Term [rradiation (0.9 x 1021
n/em? (1Q), and 3.8 x 102! n/em? (4M), E; > 0.1 MeV) [28].

The microstructural characterization of material from the sidewall of the R-tank has been
completed and the results have been reported [57]; the characterization of base material specimens
from the Screening and Full-Term irradiations is in progress. The dominant microstructural
feature is an interstitial defect cluster distribution of non-specific geometry with a most-probable
size of approximately 2 nm and a total cluster density of 1017 cm-3. Figure 8-1 shows a
micrograph of the R-tank material at high resolution imaging conditions illustrating the defect
complexes produced during irradiation. Note that the specimen was considered Type 304L
based on the available carbon assay at the time the figure was produced; subsequent chemical
analysis of disk RA3 has shown this material to be Type 304 stainless steel (see Table 2-4).
Figure 8-2 is a histogram of the size of the defect complexes in the RA3 material.

A comparison of the results from the specimens listed above will provide quantification of the
defect complex microstructure and will show whether the size/number density of the clusters has
reached saturation levels. The final results of the microstructural characterization of the as-
irradiated materials will be applied to models of radiation hardening to calculate the increase in
vield strengths due to the defect complexes [5]. The results will be compared to the mechanical
testing results in this report.

8.4 Microchemical Analysis and Solute Segregation Estimation

Microchemical mapping of selected RMP corrosion specimens is being performed [28] to
measure the extent of radiation-induced segregation, a necessary but not sufficient condition for
Irradiated-Assisted Stress Corrosion Cracking (IASCC). This degradation mode has been
postulated for the SRS reactor tanks [58, 59], although corrosion specimen testing previously
completed [60] has shown that IASCC would not occur at the SRS reactor irradiation conditions
(temperature and exposure level). The scope of the mapping studies includes a 4x4 specimen
matrix of sensitized/unsensitized and irradiated/unirradiated materials from the HFIR 4C
corrosion capsule and a specimen of R-tank sidewall material.

Although TASCC is not predicted to occur in the SRS reactor tanks [61, 62], susceptibility to
IASCC for SRS tank wall irradiation conditions is investigated in the RMP [5] both directly, by
corrosion testing of irradiated Type 304 stainless steel, and indirectly, by analytical predictions
and measurements of solute segregation at the microstructural grain boundaries as discussed
above. The irradiated corrosion testing (58] provides the strongest technique for evaluating the
etfects of irradiation on the corrosion response of the stainless steel to the moderator
environment. Analytic predictions or measurements of solute distribution, should it occur, do
not provide quantification of the corrosion response, but do provide information and improved

understanding of the potential for degradation of corrosion resistance of the tank sidewalls due to
uTadiation exposure.
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ORNL PHOTO 6422-87

DEFECT CLUSTERS IN 304L STAINLESS STEEL

Figure 8-1: Weak-beam dark field Transmission Electron Micrograph of the irradiation-
produced defect complex microstructure of R-tank sidewall (reproduced from reference {57]).
The complexes are postulated 1o be predominantly interstitial clusters having a non-specific
geomerric configuration with most-probable size of 2 nm and total cluster volume density of 1017
em A small percentage (< $%) of Stacking Fault Tetrahedra, triangular loops, and circular
loops were produced and are identified by "T", "L", and "C", respectively, on the micrograph.

8-3
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Figure 8-2: Histogram of the size/volume density of the defect complexes in R-tank spccimen
RA3.
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APPENDIX 1

AS-IRRADIATED MECHANICAL PROPERTY TEST RESULTS
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DISCUSSION

Appendix 1 contains tables of \he as-irradiated mechanical property data from the Reactor
Materials Program irradiated properties testing program, the Reactor Operability Assurance
Program (R-Tank Testing), and the results from Walt Joseph (Thermal Shield Materials
irradiation). The tablies have been reproduced from the original reports that are listed below.

Tenstle (T) Data

As-irradiated tensile specimen test data was produced from specimens irradiated in the UBR,
HFIR 1Q & 4M, R-Tank, and Thermal Shield materials programs, The original source of the
UER data is MEA 2221 [24]. The final MEA data for the 1Q and 4M specimens is reported in
MEA 2465 [44]. The R-Tank data is reported in WSRP-005 [12]. The Thermal Shield data is
reported in DP-534 [10].

Charpy V-notch (CVN) Data

As-irradiated CYN specimen test data was produced from specimens irradiated in the UBR, and
HFIR 1Q & 4M irradiation programs. The original source of the UBR data is MEA 2221 [24].
The final MEA data for the 1Q and 4M specimens is reported in MEA 2465 [44).

Compagt Tension (C1) Data
As-irradiated CT specimen test data was produced from specimens irradiated in the HFIR 1Q &

4M and from the R-Tank sidewall. The final MEA data for the 1Q and 4M specimens is reported
in MEA 2465 [44]. The R-Tank data is reported in WSRP-004 [11].
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THERMAL SHIELD TENSILE DATA (25°C TEST)

APPENDIX
MECHANICAL PROPERTIES OF IRRADIATED WELDS IN STAINLESS STEEL

Total
Exposwe, Ultimate Yield Strength at Elongetion to Elastic Hardness, Rockwell "A"
.pecimen location fast nve Strength, psi 2.2% Offset, pai Practure, 8 Modulus, psi Preirradiation Postirradiation
“nil, .oingltudinal E 33,700 57,700 n 24,1x10% .- .-
3 18,500 .- '] 23,0x10% .- ..
1.5x10%@ 103,200 37,500 8 25,7x10% B 63
v.oxlode 133,100 37,720 25 24.,4x1C® a7 86
L.ax303% 206,100 101, 300 3 Za.7x10% i w4
t.2xiond 152, 300 56,600 ] 27.6x10% 39 6
wsld, Transverse 3 42,500 45,000 26 26,9x10 .- --
b} 36,400 44,100 50 26, 4x10* - .-
o 33,400 46,000 12 26, 4x10® . --
k) 36, 300 42,400 53 27 .0x10* .-
o) 35,800 4y, 300 4 27.7x10¢ .. --
M 36,200 <7,000 0 25.,6x10% .- .-
9 36,100 49,100 “h 25.0x10% .- -
5 36, 300 42,400 68 26,2x10% -
2.7x10%® 101,900 37,300 19 23.9x10* £l 59
3.oxlode 102, 300 92,500 25 28.9x10% 52 20
Lolxioft 108, 300 24,800 3 27.9x10% w7 3
Lexiods 107,200 56,600 33 28.8x10% 51 £2
“eat-affected zone, 2 82,700 38,000 62 29,2x10% . -
Longitudinal 9 34,100 39,200 65 27.6x10% - --
3 34,000 39,800 62 . cx10* - .-
el 84,500 39,200 65 26.4x10% . --
2.8x1c%® 100,700 89,100 “2 28,8x10% 22 5y
RS SELE 10%, 500 93,800 5 25.Exic® i 3
Heat-aftfected zone, 3 83,800 36,200 54 30.2x10% - .
“ranaverse 0 84,000 37,200 sS4 27 .9x10% .- -
2 34,700 X9, 300 €1 27 .ax10¢ ..
b 34,000 41,400 E RIS G .- --
2 84,100 41,600 &) 28, 3x\at - -
2.9x10%® 100, 400 32,300 1 23.6x10% 52 60
Lolxlo¥4 104,600 33,800 33 25, 4x10% e 61
Plata, longitudinal 0 83,500 32,800 35 27.3x10° . ..
9 83,400 34,100 59 20, 4x10* .-
0 83,600 35,300 65 28,5x10* - -
2.9x10% 98,500 79,800 36 28.2x10* 48 60
5.0x107® 99,400 40,600 u2 28,1x10* s 61
L.oexiofd 104,200 92,700 5 z8.1x10* e2 65
1,2x104 104,400 91,500 .2 26.1x10* 7 52
Plate, iransverse o 82,700 33,000 62 26, 4x10% -- .-
0 83,100 33,900 62 zo. 1x10% . .-
3 33,100 - £2 e -- -
0 83,600 34,700 08 7. 1x10* - --
0 93,700 14,800 €5 23.6x10% .- -
2.9x10%¢ 39,800 33,900 w2 25,5x30% €0 51
3.0210%® 394300 43,700 19 29.9x40% =) v3
l.2x10%8 104,900 50,900 .2 &7 .5x10% 20 62
l.2axa08d 104,600 91,200 15 30.4x10° 5 63
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Task # 89.023.C-.|

UBR TENSILE DATA (STRENGTHS) (25 AND 125°C TEST)

Table 6.3 Foettlrradfation Tennlle Propertics Determinations (Welg Matal Specimens)

S— g eate,

f
!

/.

ing drlencacton Testfﬁwwgq Specimen Yield Strength® Tenslle Strength
No . ‘¢ / i Ma.
(MPa) (kat) (lner.,2)® (MPa) (kst) (Taer.,2)
5 Axial 25 SW23 586 85.0 122 4.7
W28 598 86.7 Y] 104.0
(Avg) (592) (85.8) 53,7 (120) (104.4) 16.7
125 5W24 190 56.6 450 69.2
6 Axtal 25 6W50 579 84.0 714 104.1
oWsl 576 83.6 719 106,
(Ava) (578) (83.9) 52,9 (718) (104.2) 14.8
125 6852 180 55,1 44i 63.9
7 CHFL 25 ™7 646 93.7 139 107.2
%8 638 92.6 71 106.2
(Avg) (642) (93.1) $3.3¢ (138) (106.7) 17.9
125 ™9 401 58,2 430 62.4
HPL 25 8us 641 93.0 132 106.2
8w 651 93.0 751 109.0
(Avg) (646) (94.0) 1.3 (742) (107.6) 19.4
125 8w 428 62,1 468 67.9

0.2% Oftset, statlc cescs

Increase over unirradiated condition sverage

Refarenced to uanjrradiated ring no. 5 weld proparties (CMFL)
Spertwen broke outslde of eutensometev gage length of 13.4 am

Al - 4
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Task # 89-023-C-1

UBR TENSILE DATA (DUCTILITIES) (25 AND 125°C TEST)

Table 6.4 Fost Test Measurements of Tensile Duectlfty (UBR-60 Irrgdiated Speclamens)
Ring Orfentation Specimen Temp. Reduction Elongation Fracture
No. Nu ., (°C) In Area (X) (X tn 0.80 tneh) Appearance
5 Axlal 5623 25 73.5 46.0 Cup Cone
5425 25 66.8 37.0¢ Slant Fracture
(Avg) (25) (10.2) (41.5
W24 125 69.7 29.) Cup Cone
6 Axtal 6450 25 62.2 45.0° Slant Fracture
6Ws 1 25 40,7 36.0° 2-Pronyg
(Avg) (25) (51.5) (40,5)2
6W52 125 75.5 42,6 Cup Cone
Y CMFL %7 25 29.4 12.0% Slant Fracture
48 25 62.2 18.5°¢ Slanc Practure
(Avg) (25) (45.8) (25.3)
W9 125 60.9 36.4€ Slant Fracture
8 CMFL LT 25 61.6 42.3¢ Slant Fracture
8w9Y 25 52.7 35.8¢ Stant Fracture
(Avg) (2%) (59.7) (39.1)
8u7? 128 57.7 27.6¢ Slant Fracture

. Specimen fractured outeide of 0.800 inch gage leagth

[4

Specimen fracturad ot gage mark.

Spacimen fractured at aid-gaoge length.

(outside goge marks)



J.D. Spencer

Recember 1991 VIVQIRC TRE E‘” 11
HFIR 1Q TENSILE DATA (STRENGTHS) (125°C TEST)
Table © Tensile Strength Properties of Stainless Steel
Plate F50 Before and After Irradiacion
Specimen Test Yield Strength Tensile Strength Applicable
Number Temp to CT
Spec. No.
(*e (MPa) (ksi) (MPa) (ksi)
UNIRRADIATED CONDITION
F50-1135 24 288 41,74 619 e s et
F50~117 24 253 36.74 612 88.75 -
FS0-113 125 208 30411 480 69.62 F50-76,77
F50~101 125 193 28,01 475 68.82 F50-76,77
F50-86 125 190 27.59 475 68.95 F50~76,77
FS0~108 123 205 29.68 470 68.13 F50-76,77
IRRADIATED, EFIR ASSEMBLY 1Q
F50-1 125 462 67.05 563 81.70 F50-12
F50-6 125 445 64.46 527 76.44 FS0-19
F50-8 125 435 63.14 513 74434 F50-8,13
¥50-9 125 471 68.26 570 82.68 F50~12,18
FS50~12 125 448 64.94 559 81.01 F50~17

Al - 6
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JDﬁcerrL‘:mr 1991 Task # 89-023-C-1

HFIR 4M TENSILE DATA (STRENGTHS) (125°C TEST)

Table 7 Strength Changes Observed for Pipe Ring Materials Irradiated
in HFIR Assembly 4M

Determination Pipe Ring lacerial Code

1BB 4BB 5BA 3HA

(Axial)? (CMFL) (CMFL) (Axial)

Pogstirradiacion (Test 1) 71.2 7647 72.2 81.2
Yield Strength (Test 2) 74.6
Preirradiation (Range) 30 28 28 43
Yield Strength 32 36 36 XX
Elevation due (ksti) 42 45 40 37
to Irradiation (%) 135 141 125 86
Postirradiacion (Testc 1) 84,4 88.8 83.9 88.6
Tensile Strength (Test 2) 85.6
Preirradiation (Range) 72 72 72 74
Tensile Strength 74 74 74 XX
Elevation due to (ksi) 12 16 11 15
Irradiation (%) 14 18 13 17

Al -7



J.D. Spencer WSRC-TR-91-1!
Recember 199] Task # 89.023-C.1

HFIR 1Q & 4M TENSILE DATA (DUCTILITIES) (125°C TEST)

Table 8 Postirradiation Tensile Ductilicy
of HFIR Assembly 1Q and 4M Specimens®

Assembly Specimen Reduction Elongation Fracture
No. of Area (Z) in 20.3 mm (Z) Appearance
HFIR 1Q F50-1 73.5 36.6b Cup/cone
F50=-6 66,2 33.0 Prongs/slant fracture
F50~8 40,7 19.8¢ Cup/cone
F50-9 72.4 4l.0 Prongs
F50~-12 51.0 37.8¢ Slant fracture
HFIR M 1 BBH] 6446 62.2¢ Slant fracture
1BBH4 72.4 43.0 Slaat fracture
4BBH2 71.4 42.4 Prongs
SBAHS 75.5 32.0 Cup/cone
IHANB - d - d -
g >.08-om (0.200~in.) gage diameter specimens tesced at 125°C

Measurements questioned (Specimen halves failed to mate readily)

Elongation in 13.4-mm referenced by extensometer knife edge marks (20.3-mm
refarence marks lost)

Specimen fractured at gage marks.

Al - 8
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R-TANK TENSILE DATA (25 AND 125°C TEST)

Tabla 6-1

Sub-sise Specimen Tensile Properties of As-Becieved Matarial

dpec. Location Spec. No. Test Temp.'P Helius® UTS-ksi YS-ksj Unif XB Tot.XBE XRA Speed-in/min®’
304 83 Plate A10 75 '

0 93.2 47.2 85.5 84.8 82.6 0.01
Annealed, Al3 1000 0 59.3 26.9 39.5 49.7 78.7 0.002
Unirradiated Al 1300 0 43.9 16.8 28.0 67.7 68.4 0.002
Ai2 1500 0 17.3 13.3 8.5 95.7 75.3 0.002
Ad 1600 o i8.2 18.56 4.4 102.9 0.002
Alb 1800 0 8.0 6.0 72.56 62.1 0.092
R-Tank; RA3
o) dAle 76 33.6 108.9 83.2 60.4 83.5 77.5 0.01
Midwall KTV 1Y 78 3.7 108.4 78.8 63.3 84.2 68.4 0.01
oD Ale 75 3.9 97.7 62.5 40.2 53.2 78.0 0.01
0D A3 1300 33.9 3.4 19.9 28.9 17.9 0.002
0D 3A3b 1500 a3.e 13.3 10.3 8.6 12.7 4.0 0.002
R-Tank; ED3
ID 3¢ 1000 18.8 85.7 42.4 20.9 39.6 59.4 0.002
D 3A 1100 18.6 . 43.0 20.7 22.2 32.8 0.003
o 4Q 1200 18.8 35.8 23.7 13.8 14.3 0 0.002
m 4J 1500 18.6 17.% 0.8 4.9 5.3 0 0.003
o)) 4A 1800 18.6 4.3 3.0 3.2 0 0.002
Midwall 4B 257 12.5 87.8 67.3 25.5 30.0 66.2 0.01
Midwall 40 257 12.5 04.9 é8.1 44.8 54.0 73.0 G.01
Midwall k)] 1500 12.5 1.8 156.2 4.9 8.4 0 0.002
op &X 75 6.9 107.9 76.2 35.6 45.2 657.0 0.01
0D 3r 257 5.9 88.3 68.6 31.9 42.4 65.8 0.002
0B k) 1200 5.9 38.4 22.7 17.9 19.2 9.0 0.002
0D 3¢ 1500 8.9 18.7 15.9 4.2 6.0 0 0.002
R Tank; RB3
D 1P5 75 12.0 103.5 71.2 32.4 43.4 67.5 0.01
0D 1P3 75 3.28 106.8 76.8 2.9 46.0 76.8 0.01
oD 1F2 1500 3.26 18.9 18.4 5.7 7.1 17.8 0.002

Al -9
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J.D. Spencer WSRC-TR-91-11
December 1991 Task # 89-023.C-1

UBR CVN DATA (25 AND 125°C TEST)

Temp Ring Test Speciman  Enargy Absorption Lataral Expansion
No. Orientation No.
(°2) () (fr-1b) (omm) (mils)
BASE METAL
25 3 Axial 3BAGL] 114 84 1.854 73
IBA4L4 114 82 1.829 72
3BALS 114 84 1.397 55
cxFLd IBALY9 30 66 1.270 50
3BA20 83 61 1,194 a7
3BA21 84 62 l.21 52
125 ] Axial 3IBA4S 126 93 2,238 88
3IBALT 130 96 1.930 76
3BA4LS 122 90 1.930 76
CMFL 3BAlS 100 74 1.778 70
3IBAL7 99 73 1.803 71
JBALS 100 74 1.702 67
VELD METAL
29 | Axial 1W2 87 64 1.422 56
‘ I1W3 83 61 l.651 65
1W4 84 62 1.499 59
LWe» 92 68 1.549 6l
2 Axial 2W133 79 58 0.838 33
2W138 73 54 0.914 36
3 Axial 3W26 87 64 1.422 56
3wa? 84 62 1.473 58
3w2s 92 68 1.569 61
4 Axial 4Wl13 79 S8 0.914 38
4W14 76 36 0.868 34
4W1S 79 53 0.991 39
5 Axial sw 84 62 0.889 35
W2 79 58 1.067 42
SW3 92 68 1.143 45
5 Axial 6W1 100 74 1.829 72
6W2 9% 70 1.600 63
6W3 90 66 1.397 55
8 Axial 8Wa 92 68 1.092 43
8ws 92 68 1.194 67
w6 92 68 1,143 45

Al - 10
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J.D. Spencer WSRC-TR-91-11
DRecember 1991 Task # 89-023-C-1

UBR CVN DATA (25 AND 125°C TEST) (CONT'D)

Temp Ring Test Specimen Energy Absorption Lataral Expansian
Nao. Orientation No.
(o) (I (ft=lb) (mm) (2ils)
VELD METAL
125 | Axial 1wl 122 90 2.261 89
[WS 136 100 2.362 93
2 Axial 2W1346 99 73 1.448 57
] —fort-art- 8wl 104 77 1.660 63
CMFL 8W2 103 76 1.549 61
8W3 111 82 1.803 71
HAZ SPECIMENWS
25 1 Axial 1HA21 121 89 1448 57
1HA22 122 90 1.600 63
lHA23 127 L 1.626 64
lHB16 141 104 1.908 75
LHB17 144 106 1.905 75
1ABL8 138 102 1.6531 85
2 Axial 2HALS2 106 78 1.397 55
2HALS)] 106 78 1.600 63
2HALSS 104 77 1.676 66
2HBL1S8 8) 6l 1.219 48
2HB 159 79 58 1.219 48
2HB160 83 6l 1,245 49
3 Axial 3JHA32 106 78 1.549 61
JHAlSG 100 74 1.448 57
JHA3S 106 77 §4573% 62
CMrrtL, IRAL 71 52 1.092 43
3HAS 75 b} 1.092 4]
3HAS 78 53 1.092 43
4 Axial 4HAL9 100 74 1.397 55
4HA20 100 74 1.499 59
4HA21 106 78 1.448 57
4HB31 119 88 1.499 39
4HB32 119 88 1,448 57
4HB33 114 84 1.572 62

Al - 11
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Task # 89-023-C-1

UBR CVN DATA (25 AND 125°C TEST) (CONT'D)

Temp Ring Tegt Specimen Energy Absorption Lateral Expansion
Nou Orientation Na.

(e (N (fe=-1b) (mm) (mils)

HAZ SPECIMENS

5 axial SHA7 84 62 L.245 49

SHAS 85 63 1.270 50

SHA9 90 66 1.219 48

SHB1L3 103 76 1.473 58

SHB1G 102 75 1,346 53

SHB1S 98 72 1.526 60

6 Axial 6HAT 113 83 1.524 60

SHAB 121 89 © 1.575 62

SHA9 128 92 L.676 86

6HB13 119 &8 1.524 60

6HBL4 115 85 1.626 64

6HBLS 114 84 1.422 56

125 3 Axial 3JHAJ)] 117 86 1.803 71

JHA3G 121 8% 1.905 75

JRAY? 119 88 1.626 64

CMFL 3JRA6 84 62 l.448 57

JHA7 87 54 1.397 55

JHA9 87 6é 1.473 58

Al - 12
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UBR ACVN DATA (25 AND 125°C TEST)

Table 6.2 Radtation-induced Changes 1o Avarsys (Zv Energy Absorption of Materialw

Ring Base Metal Preiryadistion Postirradiation ; Decrease
No. (stde} " N T e
' (te=1b) (1) (ft-1b) (a 1) (& tt=18) (1)
VELD METAL (25°C)
1 " 154 3.} ol 1.8 6/ 49,5 4).]
2 - 130 95,7 16 56.0 54 9.0 s
) - 152 112.3 88 4.7 64 1.6 62.4
. : Sy 100.7 8 51,3 59 Adh 83,1
5 - 159 1. 83 82.1 in 54,6 46,6
b - 185 136.7 95 70.0 90 66.7 4.8
WELD METAL (125°C)
i - 41 111.1 129 $5.0 2 82.7 5.5
2 - 158 16.7 39 13.0 39 0.7 1.5
BASE MRTAL (25°C)
) A 207 153.0 15 83.) 94 69.) 5.6
30 A 160 118.0 83 63.0 75 55.0 4.6
BASS METAL (125°C)
) A 300 231.) 126 93.0 3L 128.3 58,4
3o A 154 TERS 100 3.1 54 )9.8 3.1

Al - 12



J.D. Spencer WSRC-TR-91-11
December 1991 Task # R9-023.C-1

UBR ACVN DATA (25 AND 123°C TEST) (CONT'D)

Table 6.2 Radtation-lnduced Changes ln Average C Energy Absorption of Matertsly (cont'd)

Ring Bage Metal Preirradtation Pastirradiation Necrease
No. (Stde; 3 & v_. T T e
(Ot (te-i) (1) (tt-1b) (& J) (& ft-1b) (%)
HAZ (25°C)
i A 225 166,0 123 91.0 102 5. 49,2
! B 246 181.9 141 104.0 U 1.5 42,7
2 A 8 135.0 105 1.7 8 $1.3 42,4
2 8 145 167.3 a1 60.0 64 41,3 Y
3 A 192 142.0 103 16.3 89 65.7 6.3
3P A 136 100.0 73 4.0 62 46.0 6.0
4 1695 122.0 102 75.1 6) 46.7 18,1
s b 206 i51.7 ) 86.7 88 5.0 42.9
5 A 149 109.7 86 63,7 82 46.0 ‘9
5 ® 159 117.0 11 74.3 58 42,7 6.5
6 A 188 138.7 e 88.0 69 0.7 36.06
6 . 201 148.0 16 85.7 ' 62.) 421
HAZ (125°C)
N A 226 167.,0 19 87.7 Yy, 9.1 0.5
) A 139 102.9 86 63.3 5) 9.2 18.2
[

Axial orientatlon unless notaed

b CMFL orlentatton

Al - 14



J.D. Spencer WSRC-TR-91-11
December 1991 Task # 89-023.C-%

HFIR 1Q CVN DATA (125°C TEST)

Table 2 Charpy V-Notch Test Results for Plate Code F50
(HFIR Assembly 1Q: 125°C Tests)

Specimen No. Orientation® Energy Absorpcionb Lateral FExpansion
(3 (fr-1b) (mm) (mils)
13 LT 117 85 2.261 89
14 LT 107 79 1.702 67
19 LT 118 87 2.032 80
23 LT 108 80 2.057 81
*  ASTM orientation LT (longitudinal).
Preirradiacion range: 220-247 J (162-182 ft-1b)
Table 4 Charpy V-Notch Test Results for Plate Code F50
(Unirradiated Condition Plate Saction No. 2: 125°C Tests)
Specimen No. Enerpgy Absorption Lateral Expansion
(J) (ft-1b) (mm) (mils)}

38 220 162 2.210 87

90 247 182 2.108 83

33 244 180 2.210 87

32k 199 147 2.032 80

2
w Tegt temperaturs

Al - 18
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December 1991 Task # 89.023.C-1

HFIR 4M CVN DATA (125°C TEST)

Tatiie harpy V-Notch Test Results tor Piping Materials (HFIR Assembly 4M. 129°C Tests)

Gpecixen No Orientation Energy Absorption lateral Expansion Lstimated Prefrradiation
Enargy Absorption Range

(3 (fr-ib) (mm) (mils) (J) (fr-1h)
<ERHY CHFLA 87 64 1.397 55 225 166
DBBHS Axial 134 39 2007 19 340 251
THRH] Axtal 102 75 1.39? 55 187 aln 138
233 max 172
sHANG Axial 110 81 1.600 63 331 245
sWH1 axtal 114 84 1.727 68 298 220

Jircumferencial, ASTM C-L orientation.

Al - 16
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{specimen thickness insufficient)

Al - 17

J.D. spencer WSRC-TR-91-11
December 1991 Task # 89-023-C-1
. ) - -
HFIR 1Q CT DATA (128°C TEST)
Table 1A Stainlewe $teel Plate FNO Onlormecion ) Ansiyele (0.3%4T-CT, 0% %G, 123°C)

Seecimen  ASTHE Y (e s s e Ky Tos Tlow  J =887 K 83®  tipomens  Coulficie
A imbe € wiantalton . —— - Stenne Yeltdivy L} 4
fower ASTN Powar ASTH fover ASTH

Law taw law
(o) () (iel)y el (Psde)  (ntade) e} (kJ/ad) (/o)
INLURADIATED COMOIT1ON
r%-14 Lt 2,319 .84 RNy 48.0 $9.3 92,4 98,2 HY 41 1369 (O 121.9) v 0.38% .3
%011 Lt 9,329 A1 -0.68 BINY 48,2 196.0 98,1 uo 263 136,83 (O NHA3) v 0. 1804 74,0
IASADLATED), EFIR ASSDBLY 1Q

£30-8 Lt 0,334 .08 0.4y 1)) 250.9 220.8 124.0 100 ] a1y (3R] v 0.3512 1.0
r5o~-i2 L-7 0.548 9. 94 .93 156.1 HINY 130.8 1.0 8% 8 TN Y 64,2 iy 0. 32 1.8
150113 (%84 0.547 3.5 -0.92 14,8 216.6 4.4 135.2 1Y} My 473, 476.Q 1) 0. M} N8
£50-t) L-r 0.92F .9 -1.3) N2 X2 L6 48,0 109 109 503.}) 304,46 iv 0.176) m.
250-18 LY D346 1.8 ~1.08 0.0 166.0 228,10 30,7 1, ] 103 320.) $30.2 1y Q410 pIL 9}
5019 L-r Q.53 5.00 ~0.9% 1310.2 1.9 224.2 28,9 129 124 83,7 b ) iy [ K%, ] M
? designatian:  Jircumferential = LC; Axpal = QL



J.D. Spencer

~ .
WSRC-TR-91-11
Recember 1991 Task # 89-023-C-1
- e [oP &l ~ I
HFIR 4M CT DATA (125°C TEST)
Table JIA Type 30w Stainiass Steel Deformation J analvsiy (U I%aT-CT 201 56 105°0)
eciamn P S L ey Ky, Toug Flow 1 =887 £ 8%  ixponent  oetflcle
aabat LLoeraLiin I I S atregs ‘alidicy N <
Povar ASTH Power ASTH Pover ASTM
law Lav Law
Y (am) (kd/md) oty (HPa/m)  (HPam) ‘HPa) el et
irradiated, HFIR Asrembly GM
Base teid,
. NBH vl b Ob J 88 327 6 2 2% .0 1560 122 123 Sk 1 689 § v [ «60. ¢
N k) . Ps19 5 e 1 Qs 682 NYRY 2.9 2.3 138 16l Sivk . L 587.2 w 0 529 “12.)
JAM- e . R 5 7 - U9 1% 4 il 258 7 261.2 120 ils Sah . 1 §60.3 w 0«23 whh 2
S 10 R 1519 b 33 -1 01 194 0 1928 197 0 196 .4 53 b} ] $70.¢ e ™ 0 )% 2742
CRAN- T . s 5 49 -390 135 7 1132 166. & 1305 &6 104 5383 pEY 3} v 0 W8u? 2%2.2
s4id Matal
L2 v12 S w? D w8 10 7 133 8 67 8 164 9 n 80 599 ¢ 185 8 v 0 w99 270 L
wy
SHANR S . NS ) N B J e 186 & 1752 193.2 187.2 76 §7 831 «03.8 v QW29 305 &
I 4 M 3 827 5 62 0N 156 6 1500 177.9 1733 7% 1] 5831 8.4 v 0 43% 76 6
THAR Y 2 0 538 § &0 -0 99 78 88.) 126.7 1329 1 ? 463.1 9¢.0 v 2 1600 991
HAM- i D Sk 5 80 0 %3 72 8 RR A 120.7 126.) 23 2 585.1 137.8 v 0 362 118 &
! peimern designation:  Jircumferential = LO; Axial = CL

anvalard

{specimen thickness insufficient)
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December 1991 Task # 89-023-C-1

R-TANK CT DATA (25 AND 125°C TEST)

Table A-1. Jq Yalues for Crack Initiation

B813 R-Curva Limits Reluxed R-Curve Limits
Side  Test  Jp et Thod iod Tod  Jited
Sise Groove Temp. Linear Pit Power Law Linear Pit Power Law Linear Power Law
RA37 8T Mo ?5°C 1578° 2004 569" 2153 1778 2165
RA38 8T No 25°c  1s01° 2000 1658 2151 1834 2104
h37 8T  No 125°C - - - - 1730 1948
RD3V 8T Neo 128°C 1N 1730 1011 1767 1662 1801
RD314 4T Yes 125°'C 628 1153 481 1197 1109 1282
RD313 4T Yes 125°C 895 1091 664 1128 856 1129

RD316" AT Yes 125°C - - - -
8BB51°" 4T Yes 125°C - - -

‘Meats ASTH Y¥alidity Requirements

Al - 19



J.D. Spencer WSRC-TER-91-11
December 1991 Task # 89-023-C-1

R-TANK CT DATA (25 AND 125°C TEST) (CONT'D)

Test J Tearing
Sample Size Temperature (in.-lb./in.2) Modulus
R&37 .8T 25°¢ 1780 120
RA38 8T 25°C 1830 130
RD37 8T 125°C 1730 120
XD39 8T 125°C 1560 130
RD314 LAT 125°C 1110 80
RD313 AT 125°C B6G 110
RD3ILS* AT 125°C ~2500 120
RD320 U7 Bl6°C Nil Nil
SBEBS1 AT 125°C ~3000 -

* Annealed 15 mins. at 816°C
** Unirradiated sample from R-Reactor moderator piping

.4T samples are sidegrooved 20%

RA samples - 7 % 1020 n/em? fast neutron fluence, 34 appm He
RD samples - 1 x 1020 n/cm? fast neutron fluence, 12 appm He

Jq - Crack initiation fracture toughness with relaxed R-curve limits

Al - 20
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APPENDIX 2

MECHANICAL TEST DATA - DIGITIZED PLOTS

A2 - 1
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J.D. Spencer WSRC-TR-91-11
Degymber 1991 Task # 89-023.0 -1

DISCUSSION

Phe fell mcchamc;ﬂ test response from the RMP irradiated specimen testing and the R-Tank _
Consite and Compact Tension specimen testing are retained in the RMP Task Files (SRL-NRTSC
Pask N9-023- 1), Several of these mechanical response sets have been reproduced as discussed
oW

lenvile Da
The tull digidzed true stress-strain curves trom the HFIR 4M capsule specimens are fit to a
Ramberg-Osgood format to provide the Ramberg-Osgood parameters for calculations of J-

spplied tsee Section 6). The Ramberg-Osgood format of the True stress-strain curve is given by:

N

¢ ) ey a

Lo 2 e o 2]
a5 T

SN .
\here Oy is the vield strength and &y = 0y/E where E = 28 x 100 psi.

Compact Tension Data

Lhe JdeformationR curves from the R-Tank (0.4T planform specimeans) and HFIR 4M CT are
pioned. The J-R curve power law pararneters and J-T curve equations are also provided on the
respective figures for the 4M specimens. The J-R curves from the corresponding unirradiated
wpecimens (ref. 35) are also shown together with the 4M curves.

Note that the calculation of Jic (J@) from the J-R curves for the R-tank specimens did not use the
dara berween the 0.15 and 1.5 mm exclusion lines that did not fit the criteria specified for in-
plane dimensions for J-integral analysis [11].

lhe J-T curve from specimen 7HAS (HAZ component, C-L orientation, and 125°C test
wimperature ) is the "Lower Bound" fracture toughness from the as-irradiated database. The J-T
<urve from the specimen 2W?2 is ascribed as the "Nominal" fracture toughness from the as-
aradiated catabase (see Figure 6-1).
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TRUE STRESS-STRAIN WITH RAMBERG-0OSGOOD FORMAT FOR
CATEGORY: HAZ; L-C; 125°C TEST

[RRADIATED HAZ, L.C, 125°C TEST

e

[Lhe
100 ‘m..a_u
al@®®
I‘Tu

- mmmlﬂ a
Z 4 horonass?
b @
n 1.
z o]
or} )] @ 3IHAS (1.8E2]1 n/emA2, E > 0.1 MeV)
)
¥
3
-
Ed 0

0.00 0.05 0.10 013 0.20

True Strain
True stress/strain results from specimen 3HA8. The yield strength is 81.2 ksi.

IRRADIATED HAZ, L.C, 125°C TEST

- s/sy)

LOG(e/ey

0.2
0.0-r Tr— e M e a e R
000 002 004 006 008 0.10 0.12 0.14 0.16 0.18 020

LOG(s/sy)
Rumberg Osgocd format of True Stress-Strain curve. The results of a linear least square fit to
the data give the Ramberg Osgood parameters o = 5.52 and n = 10.8.
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TRUE STRESS-STRAIN WITH RAMBERG-OSGOOD FORMAT FOR
CATEGORY: BASE; L-C; 125°C TEST

IRRADIATED BASE, L-C, 125°C TEST
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L & G BB (2.7E21 nemr2, E > 0.1 MeV)
' 40 ® |BB4 (3.8E21 nem”2, E > 0.1 MeV)
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000 0.08 0.10 0.15 0.20 0.25 0.30

True Strain
True stress/strain results from specimens 1BB 1 and 1BB4. The yield strength for this set is
taken as the average of the yield strengths from 1BB1 and 1BB4 and 1s 72.9 ksi.

IRRADIATED BASE, L-C, 125°C TEST

-
N
2
: % o log{e/ey - w/sy) = 11710 + 4 8754log(s/sy)
P
v 1.0 4
z {1 @
3 °8] @ 1BB!and 1BB4 (1BB4 is lower data set)
=
0.6 4
1
0.4 1
0.2 -
00 % M T v L 1 T A v T L4 v 1 M v N
000 002 CO04 006 008 010 012 014 0.16 0.18 020

LOG((s/sy)
Ramberg Osgood format of True Stress-Strain curve. The results of a linear least square fit to

the data give the Ramberg Osgood parameters a = 14.3 and n = 4.88.
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TRUE STRESS-STRAIN WITH RAMBERG-0SGOOD FORMAT FOR
CATEGORY: BASE; C-L; 125°C TEST

IRRADIATED BASE, C.L, 125°C TEST
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a
1
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B SBAS (3.3E21 emAL E > 0.1 MeV) b mmeme
™ 4BB2 (3.TE2I nienv 2, E > 0.1 MeV) |

True Stress (kss)

J
0.0 0.1 0.2 0.3

True Strain

True stress/strain results from specimens SBAS and 4BB2, The yield strength for this set is
taken as the average of the yield strengths from SBAS and 4BB2 and is 74.5 ksi.

IRRADIATED BASE, C-L, 128°C TEST
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Ramberg Osgood format of True Stress-Strain curve. The results of a linear least square fit to
the data give the Ramberg Osgood parameters o = 16.8 and n = 4.46,
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Jdeformation-R CURVE: HFIR 4M SPECIMEN 3HAS (HAZ, L.-C, 125°C)

IRRADIATED HAZ, L-C, 125°C TEST

HI00)
A b
At e g% & o
SO0) 1 Ay o ©
~t a®
< AQ
5 | [ Yo o ] ﬂ‘b oﬂﬁ
S 3000 1 %° a® Lo Q
E’ A m° ] °
e b0 a »
= Sy o O qQ * ']
ol OO0 Ay 8 ™
et /]
! » %
=
-~
- THA3 (Unirradiated, L-C)
- THAS (Unuradiated, L-C)
4HAB! (Unuradiated, L-C)

AHASB4 (Unirradiated, L-C)
IHAS (Irradiated 1.8E21n/cmA2 E > 0.1 MeV)

.3 Y ¥ M T v V

0.10 0.15 0.20 0.25 0.30

Crack Extension Aa (in)
The J-T curve (JHAS) equations are:

I [milz] = 6849&0‘4229, with A4 in inches

- 1n

and.,

for sf = 84.9 ks1, with the limit on Aa of 0.1181 inches corresponding to J = 2780 in- lb/in2,
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Jdeformation-R CURVE: HFIR 4M SPECIMEN 1BB8 (BASE, L-C, 125°C)

Jacformation un-1bintl)

The J-T curve (1BBS) equations are:

IRRADIATED BASE, L-C, 125°C TEST

AOOH)

L ° ° o

o]
3000 - o OM& ° ®
890 a
e%ﬂ m a . u n
° cmﬂ ™
4000 %3 50" g
%
o g
*g
W04 wom ™
¢10]
oa *
&“ @ 1BB40 (Unirradiated, L-C)

2000 4 ® 1BB41 (Unirradiated, L-C)

. g ©  1BB42 (Unirmadiated, L..C)

L) & |BBS§ (Irradiated 2.2E21 n/cmA2,E > 0.1 MeV)
1000 =K
0 Y — T * Y ¥ Y v Y "
(.00 (.08 .10 0.15 0.20 0.25 0.30)

Crack Extension Aa (in)

Ip [1242] = 105908a° "%, with Aa in inches

mnoo-

T = 2048
' N 0.5690

Al

for sg = 79.0 ks1, wiath the lirnit on Aa of 0.1181 inches corresponding to J = 4220 in-1b/in2.

v (ﬂ [
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Ideformation-R CURVE: HFIR 4M SPECIMEN 1BB16 (BASE, L-C, 125°C)

IRRADIATED BASE, L.C, 125°C TEST

OO0
$0%° §
<000 %"M o” B
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E ooomm - ] L
= 3000 o% o @ a a
™ o g
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2 004 oo
= om W
2 1 9% @ 1BB40 (Unirradiated, L-C)
b ° irradis .
3 5000 1BB41 (Unirradiated, L.-C)
P o © 1BB42 (Unirradiated, L-C;
- 1% B 1BB16 (Irradiated 2.6E21 nfemA2, E 5 0.1 MeV)
1000 "3
[V Ba's Y T T T \ T \ T v T v
.00 0.05 0.10 0.15 0.20 0.25 0.30

Crack Extension Aa (in)

The 1T curve (1BB16) equations are:

I [mizéz] = 10390A2"*?2% with Aa in inches

n

\
and.

for sy = 79 0 ksi, with the limit on Aa of 0.1181 inches corresponding to J = 4220 in-1b/in2.
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Jdeformation-R CURVE: HFIR 4M SPECIMEN 2W2 (WELD, L-C, 125°C)

IRRADIATED WELD, L-C, 125°C TEST

Hioen)
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- o
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3 S 4
- a ° @ 2W164 (Unimadiated, L.-C)

oo 4 Ee . ©  2W132 (Unirradiated, L-C)

h R 2W2 (Irradiated 2.9E21 n/emA2, E > 0.1 MeV)
0 Y T T T T T Y Y v T ™
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Crack Extension Aa (in)

The J-T curve (2W2) equations are:

I [»‘i‘—*l—?] =772042"*"7° with Aa in inches

in
and,
_ 1493
T= NCE

tor sy = 84.9 ksi, with the limit on Aa of 0.1181 inches corresponding to J = 2660 in-1b/in2.
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Jdeformation-R CURVE:

IRRADIATED BASE, C-L, 125°

HFIR 4M SPECIMEN 3BA7 (BASE, C-L, 125°C)

C TEST

3000
S4000 9
= 8% @8 g
23000 a )
= 3000 mm a
: .
3 1 g n
- 0 [ ]
;—3 S000 a e .
£ 2000 o .
2 ol |
z 2
faar a.u
1000 - mu. @ 5BA4l (Unimadiated, C-L)
a R SBA7 (Imadiated 3.2E21 n/emA2, E > 0.1 MeV)
o
; T g T T T 13 T T
0.00 Q. ()5 0.10 0.15 0.20 0.25 0.30

The J- T

curve (3BA7) equations are:

Crack Extension Aa (in)

Ip [P = 690742 ***" with Aa in inches

n

. 1539

MSB

ter sp = 78.03 ksi, with the limit on Aa of 0.1181 inches corresponding to J = 2450 in-1b/in2.
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Jdeformation-R CURVE: HFIR 4M SPECIMEN 3HB4 (HAZ, L-C, 125°C)

IRRADIATED HAZ, L-C, 125°C TEST
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B 3HB4 (Irradiated 3.4E21 n/cmA2,E > 0.1 MeV)
0 f ¥ | v ] T T T
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e J-T curve (3HB4) equations are:

in-lb
jD 1
in

._ 12,16
7"“\;3:?5

(=318

Crack Extension Aa (in)

1= 688242 4> with Aa in inches

for sf = 84.9 ksi, with the limit on Aa of 0.1181 inches corresponding to J = 2600 in-1b/in2.
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Jdeformation-R CURVE: HFIR 4M SPECIMEN 7HAS (HAZ, C.L, 125°C)

IRRADIATED HAZ, C-L, 125°C TEST

SO0
@ 7HA12 (Uniradiated, C-L)
o 3000 - 8 THAS (Irradiated 3.6E21 n/cmA2, E > 0.1 MeV)
= §
= 3000 -
2 a o o
3 . g@ "
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a am ®
i am gENE SN
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Crack Extension Aa(in)

[he J-T curve (THAS) equations are:

Ig ﬁ_“ll = 949A2% 190 with Aa in inches
moo-
and,
_ 0.5901
I= 4, 0-8400

0.30

tor sf = ¥4.9 ksi, with the limit on Aa of 0.1181 inches corresponding to J = 674 in-1b/inZ.
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Jdeformation-R CURVE: HFIR 4M SPECIMEN 7HA7 (HAZ, C-L, 125°C)

IRRADIATED HAZ, C-L, 125°C TEST

S000
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5 - B 7HA7 (Irradiated 3.6E21 nfcm?2, E > 0.1 MeV)
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Crack Extension Aa (in)

Ihe J-T curve (THAT) equations are:

Iy [m“le] = 18804a" %% with Aa in inches

n

A,
"
T = 2,309

.

06818
150683

tor sy = 34.9 ksi, with the limit on Aa of 0.1181 inches corresponding to J = 957 in-1b/in2.

A2 - 13




J.D. Spencer

December

199]

WSRC-TR-91-11
Task # 89-023.¢.1

Jdeformation-R CURVE: HFIR 4M SPECIMEN 1BBY9 (BASE, L-C, 125°C)

Jdeformation (in-lb/in”2)

The J-T curve

IRRADIATED BASE, L-C, 125°C TEST
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Crack Extension Aa (in)

(1BB9) equations are:

Jp [ﬂlz?-] = 12880Aa0'5255‘ with Aa in inches
in

T -

0.25

for sy = 79.0 ksi, with the limit on Aa of 0.1181 inches corresponding to J = 4190 in-1b/in2,
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Jdeformation-R CURVE: HFIR 4M SPECIMEN 4BB10 (BASE, C-L, 125°C)

IRRADIATED BASE, C-L, 125°C TEST

4BB113 (Unirradiated, C-L)

® 4BBI10 (Irradiated 3.8E21, E > 0.1 MeV)
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The J-T curve (4BB10) equations are:

J' N inllb
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and,
To 527
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1 v 1 v '
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Crack Extension Aa (in)

f3~] = 4212Aa0'3059, with Aa in inches

T

0.25

0.30

tor s = 82.75 ksi, with the limit on Aa of 0.1181 inches corresponding to J = 2190 in-1b/in2.
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Jueformation-R CURVE: R-TANK SPECIMEN RD314 (0.4T, BASE, 125°C)
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Figure Ab - Daformatioa J versus crack extensiom for specimen RD314, 0.304T CT3, eidegrooved, 357
P, ASTM BS13 analysis procadures.
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Jdeformation-R CURVE: R.-TANK SPECIMEN RD313 (0.4T, BASE, 125°C)
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Figure A4 - Deformation J versus crack exteasion for specimen RD313, 0.394T CTS, sidagroovad, 267

P, ASTM BS813 analysis procedures.
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