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I.i\ t,_{'I,:FIV E SUMMARY

l!,c ,,c,scls treactor tanks) of the Savannah River Site nuclear production reactors constructed in
,.i_c I'_5_}'_arc comprised of Type 304 stainless steel wi_h Type 308 stainless steel weld filler _.
irr:_d_atlora exposure to the reactor tank sidewalls through reactor operation has caused a change
.r: t!_.c:_cciaanic'al properties of these materials. A database of as-irradiated mechanical properties
_,r ,,_tc.,pccific materials and irradiation conditions has been produced for reactor tank structural
,_r,:_l',,,es and _o quantify the effects of radiation-induced materials degrada ion for evaluating
rc_xct_r ,,¢_'icc life. The data has been collected from the SRL Reactor Materials Program (RMP)
:___d i,_tions and testing of archival stainless steel weldment components and florn previous SRI,
p__gr',un.,, to measure properties of in'adiated reactor Thermal Shield weldments and reactor tank
R-tankt s,idewall material. The results from application of the Lower Bound properties to

,,_-_ctural and fracture analysis of the tank show ASME 2 safety margins are maintained for
po_,tu latcd throughwall t'taws up to several feet in length at exposm'e conditions corresponding to
5t! ve',.u-sadditional operation of the SRS reactor tanks. The continued safe operation of the
reactors is rant limited by radiation-induced degradation of the tank matemds.

l r_:tdiation programs of the RMP are designed to quantity mechanical properties at tank operating
_cmperatures following irradiation to present and future tank w',dl maximum exposure conditions.
l'b.e exposure conditions _u'e characterized in terms of fast neutron fluence (En > 0.1 MeV) and

_l_,,p_acements per atom (dpa) 3. Tensile properties, Charpy-V notch toughness, and elastic-
plastic fracture toughness were measured for base, weld, and weld heat-affected zone (HAZ)
,_eldment components from archival piping specimens (ASTM L-C and C-L orientations)
fc,llc,_vtng a Screening Irradiation in the University of Buffalo Reactor (UBR) and following a
Fult-Tema Irradiation in the High Flux Isotope Reactor (HFIR). A total of 81 Charpy V-notch
,,pec imcns and t2 Tensile specimens were tested at temperatures of 25 and 125°C following

trradtatior't to a fast fluence of 1.1 x 1020 rgcm 2 (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

! 25_-_Cfollowing irradiation to fast fluences from 1.8 to 3.8 x 1021 nJcm 2 (1.0 to 2.1 dpa) in the
_tFIR 4M mechanical specimen irradiation capsule. The qualification capsule, 1Q, for the HFIR
_rra,ti',xtion contained mechanical specimens of Type 304L stainless steel. A total of 6 Compact
l'cnsic,n, .4 Charpy V-notch, and 5 Tensile specimens from the lQ were tested at a temperature of

125_:C follow irag irradiation to fast fluences from 0.36 to 0.92 x 102t n/cre 2 (0.21 to 0.52 dpa)
:t:_d are included in the irrad.iated properties database.

_l._c.lc,rl_ngprxoce,,ssfor the reactor tanks (e.g. plates for tank shell or "sidewall") was Inert-Gas-Shielded
',!oral ._,r_Welding witha Consumable Elecu'ode. This process is similar to the fabrication process for the
rc,._ctorprim;u2,'ctyolant or Process Water System p_pingand is termed Gas Meta[Arc Welding in the cut-rent
,_tc ,,_x',:_llcat_onsfor the piping.

•..:_menc_mS_ciety of M_hani "_calEngineers, Boilerand Pressure Vessel Code, Section XI.

_lhc cxlx)_ureumr "displacement per atom" (dpa) is a calctdated parameter representing, on average, the
r_umbcroi times adaatom in the material being exposed is displaced from a lattice position during the
_rradial.ion.Contnbunons to dpa at the tank wall originate from: scattering and capture (recoil) reactions
,,.,rh last and therm;dneutrons, reslxx:tively; helium production (recoil); and gamma irradiation (via
,,mI_t_,,t_[:ilectrc)npr_xtuctionfollowed by scattering event). The pre_.nt maximurn tank w_dlexposure of

: .-'dpa, _curs at stx ae.imuthal locations at the beltline of K reactor tank. The present maximum tank fast
;!:i_.'ll_.d: it.'"rcl IN l.N6 X 1021 n/c:rn _-.

ES- 1
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', ..,,_, irradiation effects studies at SRI_. (bv Walt Joseph in 196{)) produced te_sile data of
.._,,c ,actct, and HAZ components tor specimens cut from a thermal shield model constructed
r,_ lype 3_)4 sta.inless .steel plates and butt welded with Type 308 stainless filler (lime coated
.,t_ck \_etct"_. ,k total of 20 Tensile specimens were tested at room temperature following

__,_,._.',,_,;o_,iJ_t\vo sets to.....average fast fluences of "_9 x 1020 and 1 "_x 1(121n/cre 2, respectively,.
.,.r_,i.'.,c __c!udcd irathe as-irradiated properties database.

\lcch,:nic:_l specimens of base materials removed from the R-tank sidewall with fast fluence

ic,,cl,_ _t 1 _tnd 7 x 1()20 n/crn 2 were also testexi in a previous SRL-sponsored program (Reactor
()pt._rat'_illtv. Assurance Program) in 1987. The test results from a total of 9 Tensile and 6

5°_.i'ompact Tension specimens tested at 2. C _md 125°C from this program are includext in the
_t:_t:tba',¢,

lhc reduction in fracture toughness and radiation hardening effects (increase in strength with a
!,,,,, of work hardening ability) have been quantified. The tensile and fracture toughness results
:,,r vt_e irradiation exposure levels investigated show high residual material toughness and
,t_.actilitv for all weh:flnent components with little sensitivity to exposure level. Hardening of the
ra'_ateri,ils reaching a saturation in hardening with exposure is interpreted in terms of the
p__,,iuction 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
:_irTadiated values with a concomitant increase in tensile sta'ength values between about 15 to
:./t,._ l<_r:til the data sets (categorized by weldment component, orientation, and test temperature).

i}_c c_rTesponding total elongations are between 27 and 53%. The range of average absolute
,t_ctagths is 56 to 96 ksi (yield) and 65 to 106 ksi (tensile or ultimate) for the data sets.

lhe Chaq_y V-notch as-irradiated toughness is between 41 and 62% of the unirradiated values
ft,r the data sets. The range of absolute values of the average impact toughness is 54 to 94 ft-
!_,.,t_t_d,_.The as-i_radiated elastic-plastic materiN toughness, the J value at 1 mm crack extension
!It,_l 'tt'_e Jdclc_m_ation-R cu.lr've analysis, is between 35 to 78% of the corresponding unirradiated
:_aterial toughness. The range of absolute toughness defined by the J value at 1 mm crack

,.,:tcta,,iota is _62 to 29(X) in-lbs/in 2. The range of values for JIC corresponding to a power law fit
to the J,.lch._rmation-Rdata is 428 to 2092 in-lbs/in 2. The as-irradiated testing results show a lower
.ah.,,_lute level) fracture resistance with the fracture plane parallel compared to perpendicular to
'he pipe u.,is or rolling direction of the original Type 304 stainless steel plate (similar results were
. ,htai_:e,,t in testing of unirradiated companion materials). The low carbon materials, Type 304L
i_,(i3l) c,,at ,,ci and the archival piping 1BB material (0,035 wt%), have higher absolute toughness

iv:xt:!,, following irradiation than the other base materials.

Ih_: applit:ation of the as-irradiated properties in a fracture analysis of the reactor tanks is
_ilu,,trated. Elastic-plastic mated,al toughness parameters are developed from J-R curve analysis
rw,rra the Cc;rnpact Tension (CTF) specimen test results. Material J-T curves are developed for
•'_:ch _f the irradiated OF specimens and a cut-off to the J-T curves is specified. "Nominal" and

;_ -_ ,,l.,,_.cr t _.und fracture toughness data is defined for tank fracture analyses, A specific case to
_:_1taatc _ank flaw instability" with the lower bound tougl'mess data is reproduced from a previous

'r:tcturc analysis. With the Lower Bound toughness data, postulated throughwall flaws in the
r,tnk ,,tdcwall over several feet in length meet the ASME BPV Code safety margins.

!_c ,_,,-irradiated database in this retx)rt will be supplemented by the results from the HFIR 12M
.:p,.,l_lc ,,pccimcns and the K-reactor Surveillance PTogram specimens upon completion of the

_::,_,_:_cd te,;ting in the SRI, Reactor Materials Program subtasks.

ES.. 2
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I. 0 INTR()DUCTi()N

'I!_c prt x._uction reactors at the Savannah River Site (SRS) were constructed and began operation
ir_tllc It)50's. The sidewalls of the reactor tanks have been exposed to neutron irradiation during
rcattier operation with ne,'u'ly 'ali of the exposure occuring when the core was configured with fuel
,_ssc_nblies ira ali 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
,_:;a "low" temperature (< 130°C at maximum historic full power [2]) neutron irradiation with the
I_ICScnt maximutn dose to the tank sidewall of 1.4 dpa ]31.

I'hc activities for understanding irradiation effects to the reactor tanks, the development of an
irradiated property database, and the application of irradiated properties to structural evaluation of
ttae GRS reactor t:mks are included under the SRL Reactor Materials Program (RMP) at the
:;,tvannah River Laboratory (SRL) [14,51. The structural intega-ity 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
evaluation. 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)
tec hnological activities required for evaluation of materials' degradation for commercial nuclear
power plants. 7iNe results and program conclusions from the RMP studies on the Process Water
Svstem service life m'e 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
t t."r(×:ess Water System) including the reactor tank is American Iron and Steel Institute (AISI)
I"ype 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 l"71for the experimentation programs of the RMP. Program studies include measurement
of both baseline mechanical/corrosion and ifradiated mechanical/corrosion properties for
,tpplication 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
t:.ngineering Associates (MEA) in Lanham, Maryland under the direction of the RMP [8, 91.

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
_ensile specimen testing at SRL (by WMt Joseph in 1960) [10] at exposures near reactor tank
maximum levels [ I] 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 irt this report meet and exceed the SRS reactor tanks' maximum levels at present
c,,:posure 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].

St_cti(_n 2 of this report contains a brief description of the materials' source for the RMP
irradiation and testing programs and the previous SRL programs. The composition of materials
:_nd fabrication details for the SRS reactor tanks are provided for comparison to the weldment
components tested in the SRL in'adiation 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
t,::nsion (Cl") 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) approximatelv bound the tank historic operating temperatures. The RMP test specimens

1-I
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f_'t_nathe archival piping were machined in the ASTM C-L and L-C orientations to allow
comt_arison of the mechanical response for the cases of flaws oriented parallel and perpendicular,
respectively, to the pipe axis or roiling direction of the original plate. An overview of the
_a_echanicaltesting procedures and data analysis procedures is provided in Section 4. Test results
,rod a discussion of the effe.cts of irradiation and irradiation (exposure) level on mechanical
prc_perties are provided in Section 5. From the test parameters of temperature (25 and 125°C),
t,rientation tI_.-C and C-L) and weldment component (base, HAZ and weld), twelve different
categories of properties a'e defined (as shown schematically in Figure 1-2). [The as-irradiated
n_echanical re.sults in Section 5 show only a slight sensitivity to neutron exposure at fast fluence
I_vels investigated in this study (1 x 1020 to 4 x l021 n/cre 2, En > 0.1 MEV). Therefore, the as-
irradiated properties for each category defined in Figure 1-2 are grouped into one "irradiated" set,
independent of exposure level].

"I'he mechanical test re::ults from the data sets are compared to evaluate mechanical response
d_'pendency on testing condition. The development of as-irradiated mechanical properties for
SP,S 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 (25 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
R.\IP studies to the characterize the material response to irradiation for SRS tanlc conditions are
discussed in Section 8. Mechanical property test results for the individual mechanical specimens
:ue listed in Appendix 1. Digitized curves summarizing the full mechanical test response are
provided in Appendix 2.

The SRI..-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 mad have bee.n added to the RMP data to fore1
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
t'rocedures [18].

1-2
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Figure 1.1: 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
:',_else sets defined for terlsile, Charpy V-notch toughness, a.nd fn,xcturetoughness properties for
_:i.rious ._Iaterial, Temperature and Flaw Orientation combinations (Section 5 of tlrtisreport).
.";c,minal" and "lower bouaacl"fracture toughness px_apertiesfrom these sets have been provided

ira Section 6. [The as-irradizated test results show only a slight sensitivity to neum')n exposure
',evel at the fast fluence levels investigated in this study (1 x 1020 to 4 x 1021 n/cm 2, Er_.> 0,1
\'leV) a_:dtherefore the as-irradiated properties at'e not categorized by exposure level].
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2.t) _,I.VI'ERIAL SOURCES

2.1 Introduction

l!_c _ncuhaniual property data base for irradiated stainless steel is compiled from tests of materials
:i_:_t,,_cre ,._btained from three sources: pipe sections taken from a decommissioned reactor (R); a
:_,_odc[ of a reactor thermal shield; and the sidewall of R-reactor. Ali of these matex-ials are
:,.,_mi__'allvT.vpe 304 austenitic stainless steel and were produced in the 1950's. Specimens from
:l_c archive pipe sections were irradiated in the UBR, HFIR, and K-reactor as part of the RMP
r_ginraing in 1985 [4, 51. Specimens from the thermal shield model were irradiated in P.reactor in
_,_50[ 191, Discs were cut from the sidewall of"R-_actor as pm't of an investigation on weldability
, ,I irr',a_iatedstainless .steel beginning in 1986 [201.

lh_ SRS reactor tank sidewalls (shells) were constructed in the early 1950's by New York
.'_l_ipbuildingCo. [6] and were transported to the site for final joining, Ali of the plate materiMs are
:a,,miraallvType 304 stainless steel .joined with Type 308 stainless steel filler using a inert cover gas
,>f h_:limn. The plate materials' compositions and joining techniques of the tank sidewalls are
__rovidedfor cornp:mson to the weldment materials investigated in the SRL irradiation programs.

2.2 Archive Pipe Sections

:\I1 piping contacting the heavy water moderator was fabricated originally from Type 304 stainless
,teei pcr IDu Pont Specification SW 304M (Grade 304) as listed i.n Specification 3018, P39.010
,trait F'39.t/20, 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.
(;ct:eral specifications for process piping components were covered in Specification 3069 issued
\aarcia 14, 1952 and revised December 18, 1952. Seamless pipe was to be manufactured to ASTM
.qpecification A-269-47 (Grade chromium-nickel) and welded pipe was to be fabricated to ASTM
\-312-48T iGrade chromium-nickel).

The archive pipe sections were from rolled and welded Type 304 stainless steel pipe with a 16-inch
:4(/6 mm) outer diameter and a nominal wall thickness of 0.5-inch (12,.7 mm). Eight pipe sections
,.,,ith approximately six years of service each were removed from the decommissioned R-Reactor
17J. Individual sections have an arbitrarily assigned pipe rir_,gnumber (I through 8). Each pipe
....cction contained a circumfet_,ntial 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
ira the ei,,ht_,sec'r;ons. These pipe sections were located either between the pump and the heat
_rxchanger or ' ,;tvveen the heat exchanger and the inlet plenum to the reactor [7]. Service
',cmperatm"es ,_,.tringoperation for these two sections were approximately 95 and 40°C, respectively
' "' 1 1

The mechanical properties of the circumferential welds, associated hear affected zones, and base
:_etat regions were measm'ed in this study. The circumferential weld joint was a single Vee; the
i_;ilatp_pa_,'ation contained a small land on the inner diameter (II)) side to aid preweld fitup. Figure
2. t _iaows an etched cross section of a typical weld joint from ring #1. The joint was filled from
:i_c ()D side using several weld passes.; a root pass made from the ID side i,s also visible in most
i t)l Flt5j

It_e c:hemical compositions of the different base and weld metals for ,,heeight pipe rings are given
;r_F,_bles 2-] and 2-2. Wit:h minor exception, the base material compositions are within the range
,?ecafied by AISI for Type 304 stainless steel: max 0,,08 wt% carbon, max 2.0 wt% manganese,

2. 1
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::naX/i).()45Wt% phosphorous, max 0.03 wt% sulfur, max 1.00 wt% silicon, 8 - 10.5 wt% nickel
'2()and iS- wt% chromium [22]

De!ta-temte measurements were taken along the outer surface of the circumferential weld metal
,,round each of the eight pipe sections. The weld filler metal for the SRS reactor process water
,vs:_em piping consists of a delta-ferrite forming Type 308 stainless steel. The ferrite level in
,pccific piping welds is one property that can be used to establish uniformity of welding conditions
a_n_ng different reactor systems throughout the plant. The ferrite measurement results (Laboratory
Notebook DPSTN-.4321, Copy Series E37276. Measurements with Autotest Model Fe probe) are
su_nmarized in "Fable2-3. This range of 10 to 15 percent ferrite indicates uniformity in the welding
_peration and is consistent with c,ommercial piping weldments. Measured ferrite contents are
within the range of 1 to 18 percent ferrite predicted by the weld composition and the Schaeffler
Dia_am /Figm'e 2-23 [231.

Specimens were machined according to applicable ASTM specifications and assigned a unique
identification number that allowed traceability throttghout 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
_natenal type tW = 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
_,eld from which the specimen came from in the pipe ring (side A or side B) as re,fe:enced in the
cntting diagrams [see Appendix D of Reference 24].

The sixteen inch diameter pipe from which the specimens were machined was seam welded pipe
[7]. A stainless steel plate is cold formed to the pipe diameter an- welded lengthwise.
Fxamination 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 model of a thermal
,hie!d that had been made about the same time as the reactor tanks and thermal shields li0]. The
m(xtel 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
_:pper 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, them: were three vertical welds in each
l_alf and a circumferential weld to join the upper and lower sections. Access to the tank wall was
_hrough 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
:fie evenly spaced _X)° from one another. All four discs were cut from the lower h',.dfof the reactor
_a_k _.mdcame from plates 3, 4, and 5 as listed irt Table 2-4. According to mill analyses included
,_ the con'_truction records, ali of the steel in the tank shell was low carbon stainless steel, _ 0.03
,,,,e_ght percent, as shown in Table 2-4 [27]. However, chem.ical analyses of the discs yielded
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c:_rbc_nc_ntents of >0.05 weight percent for three of the four discs. Nickel and chromium
:_aal\'ses on the discs were also slightly lower than those reported in the mill analyses.
_.'oracentrations of the other constituents were consistent between the two analyses. In both cases,
:!,,e.tra,xl3ses t':dl within the specifications for Type 304 stainless steel.

2.5 React(_r Tank Materials and Fabrication

lhe mechanical properties were measured on irradiated specimens taken ft'ore archive SRS piping
_Section 2.2) and are applicable to structural assessments of K- and L-reactor tanks. [The SRS R-
r-ca.:_or was pen nanently shutdown in 1964, C-reactor in 1986, and P-reactor in 19911. The
:_,',xteri'alsof construction of the tanks and piping were purchased to the same codes and standards
_n;t_- peritxt from 1950 to 1958 and were of comparable quality. Chemical analyses of K and L
r_'actor tanks, Table 2-5, are similar to those of R tank, 'Fable 2-4, and the piping, Table 2-1. Ali
c_mpositions fall within the specifications for Type 30,i stainless steel.

Ali manual and automatic machine welding tor both the pipe and tanks was inert gas shielded
!_ngsten arc with bare Type 308 filler rod. In the case of the pipe, single Vee welds were oriented
_itta the weld root at the inner surface of the pipe. In contrast, tank welds were usually double
\,'ce. "Fhisdifference should not affect the mechanical properties of the weld or heat 'affected zones,
,_Ithough residual stress patterns and sensitization levels would be expected to differ in the pipe and
;,_nks.

I'he main tank shell was fabricated from either four or six plates which were partially welded, roll
forn_ed to the tank radius, and finish welded. The t_st weld became the circumferential girth weld
near the middle of the tank walI and was cold worked during roll forming. Vertical searn welds in
_)actank wall were made after the plates were roll formed to the tank radius. Detailed descriptions
,_t the reactor fabrication procedures are found in the activities and fabrication manuals from New
h'_rk Ship 1271,

2.6 t IFIR IQ Material: Type 304L Stainless Steel
=

Xlaterials Engineering Associates supplied a wrought plate (MEA Code F50) of Type 304L
,;:ainless steel for specimens irradiated in the HFIR 1Q capsule assembly [ref. 24, Appendix VII.
Ft_ese specimens, identical in mechanical design to the 4M specimens, were irradiated and tested as
par_of the RMP (see Section 3 to 5). Table 2-6 lists the chemical composition and heat treatment
_t the F50 plate roareriN.
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'Fable 2-1: Base metal chemical cornpositions (wt%) fbr archive pipe

---_ : 7 7 --7 . -2z_. - -- -- _ i i _Bl_lwm-_z -- _ i .... ii . i

Composition (wt. %)

C Mn S i P S N i Cr Mo B C o Cu N
---- . 7 ---- : mL L " __'Jr ...... lira;d-- -- ........ -- 77-- I II II I i ii iii i i iiiii i i _JJL I U m

[ ,'_. [).{,)'7('_ 1.60 0.79 0.031 0,011 9 .36 18.79 0.41 0.001 0. 11 0.29 0.047

t3 {).1_35 1.56 0,58 0,024 0,016 9.19 18,44 0,25 0,002 0,10 (3.24 0,036

2 '9 ,r'_ _)'(/ _" 1 50 0'34 0"031 0"024 9'65 18'27 0"45 0002 0'13 0"42 0.043

B _'()52 l,al 0'38 0'031 0"025 8'50 19.40 0'39 <O'001 0'15 0.42 0"036

"\ i/._3 1'30 0'31 0'028 0.02a 9.38 18"59 0"40 0'001 0'12 0'38 0.044

t3 ()048 1.33 0.39 0,027 0,02.5 9.13 18,67 0,36 0,002 (I,13 0,39 0,034

4 A 1),1)53 1,81 0.33 0,026 0.017 8.75 18.97 0.35 0.002 0.11 0,28 0,033

B ().()83 1,75 0.74 0.033 0.017 9.60 18.88 0.46 0.002 0.13 0.32 0.043

"_, .\ _).041 1.39 0.67 0,026 0,024 9,64 19.05 0.52 0.002 0.12 0.28 0.035

13 _()80 1,25 0,32 0,026 0.016 10.0 18.88 0.44 0.001 0.13 0,41 0.043

{_ ,.\ ).()58 1.44 0.49 0,027 0,017 9.65 19,05 0,43 0,001 0,15 0,62 0,044

B ).¢}46 1.,16 066 0.(/26 0.024 8,48 18,88 0,22 0,001 0,13 O. 17 0,034

:_ ().()52 130 0.55 0,028 0.016 9,35 18,65 0.38 0.002 0.12 0.26 0.039

B _.(147 1.33 0.34 0.027 0.019 9,15 18.50 0.21 0.001 0.08 0.20 0,037

-_ A _ 055 1.30 0,40 0.030 0.026 8,72 19,05 0,42 0.002 0,16 0,45 0.036

B _).()78 1,75 0.40 0.033 0.018 8.30 19.66 0,44 0.003 0.54 0,34 0.043

mlm,l__ ,:........... . I II II.... _:l-i _ ,, , I I ........ -.

2=4
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Table 2-2: Weld metal chemical compositions (wt%) for archive pipe
L I I llJ± __ II --" 111 11 Iii . . ml .... _ " __ Ill i II ---- II -72_IIIII " IIII I m

Composition (wt-%)

C Mn S i P S N i Cr Mo B C o C u
i"-'_-,.()._g=- 1.39 .......0,4i 0.02:3_'-0._" ' 9165 " 20.'i5 " 0,23' -0,002 - 0.il .... 0121

o.11a o.2oa

?. I),052 1.45 0,4l 0.022 0.019 t0,50 19.20 0.20 0,005 0,10 0.22

; _039 1.25 0,39 0,020 0.017 10.16 19.56 0.21 0.00,1 0.20 0,21

.; () ()47 1.41 0.43 0.022 0,018 10,75 19.29 0.17 0,005 0.094 0,20

", II (_48 1.52 0.42 0,023 0,010 10,15 19.96 0,26 0.001 0.16 0.23
0.17 a 0.18 a

,_ (,).050 1,56 0.49 0.024 0.0_)8 10,12 19,87 0.24 <0,001 0.18 0,19

0,022 a 0,010 a 0.19 a

7 t),1)42 1.4"7 0.43 0.020 0.009 9.88 19.47 0.24 0,003 0.15 0.21

S t).()45 1.52 0.37 0.022 0,018 9.70 20.15 0.21 0.002 0.22 0,18

0.16 a

........ III I I " Bl I l

.......Dup"i]caieAn',.dysis Using SeparateStock

Table 2.3: Average Ferrite Levels for
Weld Material of Archive Pipe

Ring # Weld Reference Ferrite (%)

1 2PW216W3 13.6
2 6PW1816W3 10.0
3 4PWI6W5 15.0
4 1P1W1316W3 10.7
5 2PW1716W2 11.7
6 3PWI516W5 11.2
7 4PW416W4 14.2
8 2PW216W5 14.3
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lable 2-4: f_asc tl_etal chemical compositions (wt _,) for R-Tank Disks A B,C, and D and for
the R-T_mk plate composition reported by New York Shipbuilding Co.

I I I_ .... _ ......... . --PI[ ......... : lit _ .... I IIII I _JIIl II I I I _ __L II IIII I

Composition (wt-%)

(2 Mn Si P S NI Cr Mo B Co Cu N
L -- I I................. [ I I I I ......... -- ....... Ii -- J ii

R,\ _ ()()50 1()2 0.60 0.027 0.015 8,54 17,2 0,0"16 <0.005 0.05 0.12L ().()(Y)

RB _ 1_,016 1.15 0,54 0.008 0,013 8.79 18,2 <0,01 <0,005 0,058 0,046 0,070

_c' _ (_,(/54 1.24 0,57 0,017 ().022 9.28 18,2 0.35 <0,001 (i).027 0,069 0,080

Rr;) _ ().077 1.26 0.55 0.020 0.022 9.73 18.7 0,34 <0.001 0,026 0.0"75 0.045

R" I (i,()28 0,95 0.55 0,027 0.015 9.10 18,47 NA NA NA NA NA

2 ()026 1,17 0.60 0.023 0,011 9.47 18,42 NA NA NA NA NA

:, _),()23 1.20 0.63 0.015 0.024 9.12 19,00 NA NA NA NA NA

4 1_.025 1.05 0.60 0.027 0.011 q.15 18.49 NA NA NA NA NA

'_ ().030 1,28 0,48 0.015 0,024 9,32 18,48 NA NA NA NA NA

" Tank plates 1 and 2 were in the upper half of the tank wall and plates 3, 4, and 5 were in the
lo_er half of the tank w',dl.

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

.JI II J II " -- 21 I |1_1 III -- II _ I IIL_ .... " ii __ I ,_-- I _ I II I I -- I III

Composition (wt-%)

C Mn S i P S Ni Cr Mo B C o Cu N
_l .... II IIII I II I I II I iii I I IIIII II II IIIII - • , II II I1 ]11 II ......

K 1 ().066 !.02 0,62 0.025 0,015 9.10 18,41 NA NA NA NA NA

2 0.07 0,66 0.54 0.024 0.011 9,14 18,60 NA NA NA NA NA

!. 1 0,055 0.77 0,58 0,026 0.013 9,28 18,43 NA NA NA NA NA
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Ia hie 2-6' Chemical composition and heat treatment of the Type 304L stainless steel material
irradiated in the HFIR 1Q capsule [ref. 24, Appendix VI.

-7 I _. _ : _ ........ i1_1 I I IIIIII I IIII IlJlt .... . ....... I ..... IIIII I III I

Composition (wt.%)

{" Mn S i P S N i Cr Mo B C o Cu N
Iii --- .... -- ?_ ........ Ii J I ._ III _ Jl " I I --I ..... -__ II II I I ......

t:_il (/,(125 1.71 0.85 0,015 0.023 10.63 19,8 0.09 NA 0.11 NA NA

}'late

Plate thickness' 1/'2inches.
t-teat Treaunent: 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 # lweld (4X)
(12.7 mm base plate thickness)
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Figure 2-2: Modified Schaeffler Diagram from ASM Metals Handbook [23]
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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
ira the t;nivcrsity of Buffalo Reactor (UBR), Buffalo Materials Research Center, at the State
t. niversity of New York at Buffalo, the Full-Term Irradiation conducted in the Removable
Beryllium position irl the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory,
'aridthe Surveillance Irradiation conducted in the K reactor at SRS. The Screening Irradiation of
r,_echanical specimens was performed in 198.5 and the testing of ali specimens has been
c_,mpleted with the results reproduced in this report. Irradiations in the HFIR included, the 4M
and 1_,',,,!mechanical specimen capsules containing the archival piping weldment materials, as
part of the Full-Term Irradiation; and the 1Q qu_?ification capsule, containing mechanical
_pccimens of Type 304L stainless steel plate material. The as-irradiated testing of 'all specime_:s
from the 1Q and 4N'I capsules has been completed with the results reproduced in this report.
l'esting of the 12M capsule will be peffonued in accordance with RMP Specification SRP-SL-1 111, Rev. 2 [128].

The RMP Surveil_lance Irradiation capsules containing mechanical and corrosion specimens [29]
were loaded in K _eactor [30] and began irradiation in March 1986. The target irradiation level
ft)r the initial testing was to match the tank wall fast fluence (Er, > 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 Surveillance
IrTadiation. Revised target exposures and a testing plan for the K specimens will be developed ina.t'LltUreR.Ma° report [5].

Xlecl,ar,ic,,.dspecimens were cut from discs removed from the R.-tank sidewall at four sep;uate
tank wall locations,, with two disks each exposed to the same exposure conditions [26] and were
testeta as part of the Reactor Operability Assurance Program [20] The R Reactor reac
criticality on December")8, 1953 and o"erated co--' . ,, • . . - ' hed initial

• " _ - - tj nunuous_y from that date, with the exception of
normal reactor shutdowns and shutdowns for facility improvements, until June 17, 1964, at
w/_ich time reactor operations were permanently terminated. The exposure history of the R-tanksidewalls are contadned in reference 1.

,,,ta irradiation of tensile specimens of weldment components of a thermal shield model was
performed in P reactor in 1959 [19] for four one-month cvcles (P-8 through P-11). Thespecimens were tested by SRI., 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_,f this report.

3.2 Irradiation Parameters . Summary

Fables 3-I to 3.-3 lists the irradiation parameters for the set of specimens from the HFIR, R-
Tank, and P-reactor (thermal shield model) irradiations from which as-irradiated test results are
i__c/uded in this report. The irradiation parameters include specimen identification, weldment
t),pe :,.hd orientation, fast neutron fluence (En > 0. i MEV), thermal neutron fluence, dpa, and:_radiati{)n temperature.
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%1ic_ftile U}3R specimens were irradiated to a nominal thermal fluence of 1.1 x 1019 n/cm2 and
t:lst fluence of 1.1 x 1020 rdcm 2, En > 0,1 MeV and a displacement damage level of 0.065 dpa
124I. The parameters for the UBR specimens are not listed individually.

lhe as-irradiated database will be supplemented by results from the HFIR 12M and K-Reactor
SL:rveillance, Several specimens from the 4M and IQ 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 L7BR is a 2 MW light-water-cox)led and moderated reactor located in the Buffalo Materials
Research facility, The 81 Charpy V-notch and 12 Tensile specimens (see Appendix 1) were
corltairled in three, independendy temperature-controlled capsules designated A, B, and C, which
_ogether 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 fi.iel lattice of the UBR. The
B-4 facility had been previously benchmarked for neutron spectra conditions for the Nuclear
Regulatory Commission irradiation studies.

I'o achieve fluence balancing of the specimens, capsule B, which bisects the peak neutron flux
{_lane,was removed and replaced with a dummy capsule prior to the end of the irradiation. The
experiment w_.s loaded into the core on May 31, 1985 and the neutron exposure was completed
September 6, 1985.

l"herm_,ouples 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.
t.:racert:tinty in dosimetry analysis was reported from+ 5% to + 8% at the lo confidence level for
the fast fluences and + 10% for the thermal fluences. These estimates did not include any
t_nccrtainties that would be associated with the actual averaged cross sections of the irradiation
Iields or the burn-out. 7the reaction products of interest. Additional details of the Screening
hTadiatiorl are contained in reference 24.

3.4 Full.Term Irradiation: ttigh Flux Isotope Reactor

The t_'IR is a 85 MW (100 MW prior to November 1986 extended shutdown) pressurized water
research reactor at the Oak Ridge NationaJ Laboratory. The SRI., irradiations iii the I-LVIRwere
_pecified in RMP Specification SRP-SL-1107 [31] and planned through the Engineering
Fechnolob_ Division at ORNL [32]. The 1Q capsule, the Qualification capsule (prototype for the
4M 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 lhe SRL capsules. The 1Q irradiation ran one HFIR
irradiation cycle beginning June 6 and ending June 28, 1986. The 4M irradiation ran fore"HFIR
cycles beginning July 23, 1986 to October 23, 1986.

['he 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 July
17. 1990 and ran four cycles at 85 MW until December 12, 1990. The 12M experiment was
taken out of the reactor at that time for reactor main_ence and subsequemly a capsule weld was
!;rc)kelp. "I_le12M capsule was repaired and ran the remaining 3 irradiation cycles from June 20,
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I_>_1to September 17, 1991. The cycle length at 85 MW was increased so that tile fluence per
cycle at 85 and 100 MW was _pproximately equal.

t:ixposure conditions were assumed constant across the capsule cross section in calculating the
_pccimen fluence and dpa levels [13]. Analysis of tile 1Q and 4M dosimeter sets is provided in
_'eferencc 33. Irradiation temperatures recorded at seven specimen locations in the IQ irradiation
Iresults directly applicable to the 4M irradiation] included mid-specimen and specimen surface
temperatures for the T, CVN, and CT specimens at each endof the capsule and at capsule mid-
platle, The temperature ra,'-.geswere 75 to 95°C for the T specimens, 100 to 140°C for the CVN
,pecimens, and 1I(1to 150°C for the CT specimens [13], Full details including an uncertainty
_nalvsis of individual specimens exposures and irradiation temperatures for the HFIR irradiations
_incfuding the 12M) will be provided in a future RMP report [5], 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
1Q and 4M specimen complements are given in Table 3-1. The HFIR 4M specimens included
!,ase, 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 mater'iN with the
highest carbon content available, 4BB, and the lowest carbon content available, IBB. 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.

3.5 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-58 given by Greenwood [37] as modified for the SRS reactor spectrum by Baumann
[_ee ref. 31. A chart to convert from fluence to dpa for the SRS reactor spectrum is shown in
["igt_re3- 1.

Four disks (labelled A, B, C, and D) approximately 6 inches in diameter were cut from R-ta,nk in
1986 as part of the Reactor Operability Assurance Program [20, 26]. The disks A & C and B &
D were irradiated to fast fluence (En > 0.1 MeV) levels of 1 and 7 x 1020 n/cre2 [1, 20, 26] with
corresponding thermal fluences of 6 x 1021 and 3.5 X 1021 n/cre 2 [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 [11. [Note that the labeling of A & C and B & D disk locations in Figure 1
,_fref. l 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 'rest Authorization TA 1-757 [19]. The
irradiation parameters (fast fluence, En > 0.1 MeV) and test results in this report were reproduced
t;om reference 10. An irradiation temperature of 119°C was calculated as the maximum
temperature of the tensile specimens during the ilxadiation [38];. Two different nominal fluence
levels, 2.9 x 1020 ;rod 1.2 x 1021 n/cm 2 (En > 0.1 MEV), were achieved in the irradiation.
Specimen fluences were determined by flux traverses near the specimens; uncertainty was



,I,D. Spencer WSRC-TR.91.11
l)e ce m b e r......19 9 1 ..... _...... _,...O.2.L-_-.:I

::,,tima_ed at ± 35% [38, 39]. Table 3-3 contains tile iadividual specimen irradiation parameters
, ,; the .,,pecimens of the thermal shield model.

3.7 Surveillance Irradiation: K-Reactor

l't_e K. Sur,,'eillance pr%n'am contains 180 mechanical specimens of CE, T, CVN and Wedge
()per'lng Loaded (WOL) design [29, 30, 401 loaded in 12 separate specimen holders with 4
!holders per specimen rod. The specimen rods axe located in the far side spargers at positions
X35-Y57, X29-Y33, and X20-Y54. The 3 specimen rods or irradiation assemblies were
c!_a.rgedto K-Reactor at the start of K-ILl which began in Ma.mh 1986. The irradiation plan
aad _esting plan for the specimens in the Surveillance Irradiation will be updated [41 ] from the
?re_ ious plan [29, 301 in a future RMP report [5],
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Table 3-1 ttFIR 1Qand 4M Specimen Irradiation Parameters {t3].

Specimen Specimen Orientation .....Them_al ..... Fast dpa
lD Type Fluence, Huence,

1021 n/cre 2 En>O,1MeV,

................ lO2} n/cre2 .... .
1(,)

Capsule
F50-12 T L-T....... 1,2 ...... (7),36 .... ()]21_ '
F50'9 T _ _ L_:T ...... 2.1 0.60 0,34,, ,, , __.. tr___

FS0-1 T L-T 2,7 0,77 0.43
F50.6 =' T 'L-T 3,i 0,89- ..... 0,50=-.: .-=:j,, ,, ,.,. , _....

F50-8 T L-T 3,2 0,92 0,52
,,, , ,, , , , . , ,,, , , , . ..... :....

F50-13 CVN L-T 1.2 0,36 0.21
F50.19 ' Cvs L---T..... 2.1 0.60 - 0,34
F:50-14 CVN L-T 2.7 0,77 0,43

, ,, , ,, ,u i , ,, ,, i ,, :--- i i , , . , j:=: ....

F50.:3 CVN L-T 3,1 0,89 0.50
FgO-17 CT -t)r 1,2 " 0.36 _0.2-1
F50.i8 ' cT ....... [.-T ........ 2,0 b158 :...... 0,33

. F50-12 [.] :CT .. - ]..-'I" - 2.3 .... _ ]0,67 0,38 -") .... i .

F50-19 CT L.T 3.0 0,88 0,50
F50-13 ..... C'l; .... i'..T........ 3.1 ....... 0.90 0]51

r F5o-8 CT L.T 3.2 0,92 0.52'
,, , .,, ,,,, _ , ...... .

4M

Capsule
3HA8 T : - '['C -612 1.8 ........ I .O ..........

i"BBi ....... T L-C ..... _113 ....., 2.7............ - _i.--5-........
• ._-m-_1_ ,,.., [ ii m , u, .

_ 5BA5 T C-L .... 11,4 .... ] 3,3 !:9 _
4BB2 T C-L. 12,8 t 3,7 2,1

li I i ILl t . i ,li t L Lit_

113134 T L-C 13,1 3,8 2.1
- 6_wi ' cVN .....L-C 6.2 1,8 .... 1'.0 '

,, .......... --- : . , • .

6HA6 CVN L-C 9.3 2,7 1,5
- i ,,, i 1. i ,. ,,,, _ ), i L:=" '' I I___<::: .__

3HBI CVN L'C 11,4 3.3 1,9
_,BB9 CVN ...... C.L ' 12.8 3.7 ...... 2.1

-'-1'i3B5 .... CVN L-C....... 13,1.......... 3.8 2.].......
w,, ., 1,. aL J,,, I , ...... ,.

3HA5 CT L-C .......... 6:2 1,8 I, I
_ IBBg ,CT ..... L-C .......7:6 .....2.2 ....... !'3

IBB16 CT L-C 9.0 2.6 1.5
_,t , ' '" ' "-' ......... ..... ' '- ___._.r-_-_._= ....

2W2 ___ CT L-C 10,0 2,9 1,7
l,, , :n _ .,,, , , , , ,i., . ) . :.,_ _:__

__5BAT_ CT ,_ C-L I1.0 3,2 1.8i iii i .... i Hill ._ i IL til I __

3HIM ....... CT [.-C 11,7 3,4 1.9

7HA5 .... CT C-L ' 12,4" 3,6 _ ....... 2]-1 --• ' , ' ,',, I " - __,_.J___

7HA7 .... CT , C-L 12.4 3,6 2,0
IBB9 ._ C,,T, ' "L-c .... 12,8 ' 3,:/ 2, i'"........ ,,,,, ,,,, . , .... , ..... .-,, _ ........

._____B_BI0 .... {_'1 C.L., 13.1 3, g 2. I
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Table 3.2 R-',Tank Specimen Irradiation Parameters [1, 13, 26], The temperature during
_rr'adiation was below 130°C. The R-disk A was cut at a tank azimuthal position near the peak

t"asttluence sect:or; the R-disks B & D were cut from tank azimuthal positions near the gas port.
INote that the labelling of A & C madB & D disk locations in Figure 1 of ref, 1 is reversed].

Dpa levels are calculated from Figure 3-1.

gpecimen Specimen - Oriefitatiort] Irradiation [ Thermal I Fast.... dpa
ID Type ITemp(°C) l Fluence, [ Fluence,

I I 1021n/cre2I En>0.1MeV,
._ _ . .[ ..... l ,, : I 102! n/cm 2 ..

tLA3 Disk
,, ,..,_ , ,,, JJ,,.

"_AIc - "'Sub T '_ .... - ...... < 130 3.5 - 0.7 _ 615
lA2a Sub 1" < 130 3.5 0.7 0.5

' tm , , , u ,, __ pt. r,,,,

3A3c Sub T - < 130 3..5 _ .0.7_.... 0.5
RA37 0.8T CT < 130 3.5 0.7 0.5

, ,.,,- ..... , , .. ,

....... RA38 ' " 0.sT cT ,_ 130 3.5 0.7 0.5
_'RD3 Disk ...... ......

., ,,,, , L ,,,,,, ., .,,, ,,, , _ _,, ,,, , ....

4E Sub T . < 130 6 0.1 0.21

4B SubT . < 130 6 0.l :_ 0.21 ....
5I Sub T - < 130 6 0.1 .... 0.21
3F Sub T - < 130 6 0.1 0.21

, ....... um , ,, , , , --

RD37 0.8'F CT ...... - < 130 6 .... 0,1..... 0.21
RD39 0.8T CT < 130 6 0.1 0.21
RD314 0.4TC'i" < 130 6 ' 0.1 :' 0.2[ ......._.., - -: ,.,,..... ..,. ,.,,

RD313 _. 0.4,TCT < 130 . _ 6 _ _ 0.1 _ 0.21 _
RB3 Disk

_

IF5 Sub T -.., [ < 130 6 011 0.21
IF3 ,, Sub T 1, -........ [, ,<130 6 [ 0.1 .... 0.2! .
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rable 3-3 Themaal Shield Materials Irradiation in P-reactor [10, 19, 381. The thermal fluence
_s,_pproximately 10X the f_Lstfluence. Dpa levels are calculated from Figure 3-1.

Specimen [ Specimen '_ri-'_'ff'm'ti"ffffhaadiation Thermal [ Fast [ dpa

1021n/cre2 En>0.1MeV,
.,-. .... __- ...... !02} _!/cm2!.........

'-i"el-'/) 1<119°C[ 12:5_ I0.25 10.2
[' ! gl l< 119,'C......13.0 1"6.-'36 101_

3 1T [Long. l < 119°C [ i0 [ 1,0 [0.6
4' [ T | L0n_ [ < 119°C [!2] [ 1.2 [,0-,6
We ld, Transverse
1 lT Trans. '< 119°C _1_2_.7 [0.27 10.2
2 [ T Transl <"1I"[""_-,_,.,._.0---- - [0_3(_1..... ! 0[2
3 lT -Trans. < 119°C [11 11.1 [0.6
4 _ -Trans, !< i19°'C I [2 [ i'12 1016
Heat- Affected-Zxme, Long]rod]nal
1 lT l Long. 1< i l9°C 12.8 I0.28 [0 2
- _ . [ I_016" IT I Long..:._____[_:-i'f9°C [il ili ' , ..........

t iear-Affected-Zone,Transverse

1 lT ]Trans, L<.!19_C[ [ [ 2[,9 10.29 .... 10.:22 ]'T Trans. 1< 1t9 C l 11- I [-'[ !-6:6
Plate, Longitudinal ............... -
1 [ T [_0ng. i < 119°C.... [ 2..75 10_9 _-[0.2

2 [ T L_n__g. < li_C [3-.0 1'..0_.30 10,23 T t,oJJ.:.q21_. < 119°C .....1i2 11.2 10:6
..... ['r;24 lT l Long. m <11-'7]Tvd"-TT_" [0.6

Plate, Transverse
1 T ..... Trans. < I i9°C - _ 1"_.29 10.._
2 T - - Trans. <119°C .... _T0.30 ...... [0.2 _ _'

T ' Trata s. < 119°C.... 11 I 1.1

4 __[ ___ T_ .... 'Trans.' <-i19°-C ......."_ I 1.2 '[0'.6
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Neutron Radiation Damage
Rangee for P Reactor Mldplano

DPA

..... "<J I 2,' _

.t _ p

0 1 ....7"::........................ . r

i

O.0 1 !.................x......... i ..................L__I_._[_LL .....................i_.--._--J-..........1.......I....L_..J--J............. -J.......... [............ .I....L_...__i..
20 21 22 23

Log (fluence)

............Fast (,0.1 MeV) ---'" Slow (n,gamma) ..... Slow (Nt-58 alpha)

Avg Expoeure • Max/MIn Exposure

l-iaur'e 3-1 Conversions from thermal and fast neutron fluence to displacements per atom for
the S R.S reactor spectrum [3]. The thermal fluence contributions to dpa include the two-step
ti_ermal neutrcm reaction with Ni,-,58 with the cross sections provided by Greenwood [371.

3-8
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4.1} 31ATERIALS TESTING AND ANALYSIS OF DATA

4.1 Overview

Xlcchanical properties and corrosion characteristics of the weldment components (Base, Weld,
and weld Heat-Affected-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
,_tudies are described in reference 7 aa_dsummarized 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
_pecimens tested in the baseline (unirradiated) progTam of the RMP [351 providing a one-to-one
_;pecimen match and allowing computation of the radiation-induced change in mechanical
properties. Specimens in the RMP included base, weld, and weld heat-affected-zone
components 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
iraP-reactor [38] were also performed. The Thermal Shield in'adiation materials included Base,
Weld, and HAZ components. The specimens were tested in two orientations, longitudinal
(parallel to 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, 121 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 sumnmrized in Section 5.

The RMP specimenr, were machined to the applicable ASTM specifications (including the CT
l-:.399SR design), and assigned a unique identifier number that allowed traceability throughout
their testing history, as well as identification of their location mad orientation with respecl 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 carne 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 Nso 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 I,-C and C-L
,,pecimen orientations (see Figure 4-1) [24, 421. The specimen configuration and testing of the

4-1
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I(.) specimens was identical to the UBR (CVN and T) and HFIR 4M (CVN, T, and CT)
_atcrials testing.

Table .1.-1 contains the mechanical specimen test matrix indicating the specimen material origin
!rillg number), mechanical specimen type, orientation ,'uld test temperature for the RMP (UBR
and ttFIR 4M) specimens. Table 4-2 contains the T specimen test matrix for the Then'nN Shield
,pecimens, and Table 4-3 contains the test matrix for the CT and T specimens cut from the R-
t:tnk disks. Table 4-4 contNns the test matrix for the Type 304L stainless steel material (F50
plate l 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
LBR 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
,hown in Figure 4-2. The dimensions conform with those of the standard size Type-A specimen
idcntitied in ASTM E 23-81, "Standard Methods tor Notch Bar Impact Testing of Metallic
\laterials." The impact tests were conducted in accordance with this standard at the Buffalo
.',laterials Research Center. The baseline specimen test matrix shown in Table 4-1 lists the
number of specimens for each materi,"d melt tested at 25 or 125°C. The test results of absorbed
_nerg?.'and lateral expansion for each specimen are contained in Appendix 1.

4.4 UBR and ttFIR Tensile Testing

[tae tensile test specimen design (Figure 4-3) conforms to ASTFMstandards E8-81 and E21-79.
Test results of yield (0.2% offset) and tensile strengths (engineering), uniform elongation, and
percent reduction in area at specimen failure for each specimen are contained in Appendix 1. All
:,tress-strain curves were recorded over the entire range of load, up to failure and m'e recorded as
both engineering and true stress strain curves (Task Files 89-023-C..1).

4.5 llFIR 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
t152. Due to piping size constraints, the CT specimens were limited to a 0,4T-CT thickness,
that is, 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
!oading holes were modified slightly to produce consistent and conservative J-R curves. All
,;pecimens 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 fin',d specimen design,
shown ira Figure 4-4, was based upon extensive testing and comparison with specimens of
,;tandard design [35].

A conventional load cell was used to measure the applied load to the CT specimen during testing.
5;pecimen 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
'.naivsis was performed for both the modified.-J (JM) and deforrnation-J (JD) approach ft'ore the
_. .d verstl_; crack ex • '

tensmn data. Flow stress values, (Sy + Su)/2 (where Sy and su are the
cngineerin,- yield and ultimate tensile strengths, respectively)were obtained from corresponding

4-2
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_ensile data or from estimated flow stress properties in the cases where no corresponding data
existed [421. A power-law of the form J = C(Aan) was fit to the data between the exclusion lines
cA5I'.',,I t2 813-8 l, E 813-88) with the power law toughness corresponding to the onset of stable
tcaring, JIc, defined as the intersection of the power law curve with the 0.15 mm (0.006 in)
_.'\clusion line (see Figures 4-5A and 4-.5B). The power law formulation of the J-R curve was
_:mp[oycd to facilitate construction of the material J-T curve discussed in Sections 6 and 7.
\:al_es for JIC were also obtained as specified in ASTM E813-81 with results simil,'u'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, 391. 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 origin',fl and final specimen lengths. Yield
and ultimate strengths werebased on the orginal cross sectional area. These tests were
cc,nducted in the high level caves at SRL.

4.7 R-Reactor Tank Mechanical 'resting

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
xnicrometer and from 2.5X photographs, respectively. Errors in diameter measurements were +
i).0001 and +_0.003-inch, respectively. Specimen elongation and strain rate were calculated
from cross-he',mltravel assuming a stiff machine ,andhence are approximate but allow comparison
among the specimens as they were treated alike. Tests at 25 azld 125°C were conducted in air.
.qpecimens were held at temperature for 15-minutes before, tesing.

'I'he J-integral tests for fracture toughness were ali 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
¢RA3-7A, 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
20% side_ooves (0.315-inch thick net section). Sidegrooves promote straight crack fronts and
facilitate crack extension measurement.

I'he CTI"specimens were tested on a 20,000 pound capacity screw driven Instron tensile machine.
(?rack lengths were determined by the unloading compliance mehod with load line cfip 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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l'able 4-1' Irradiated Specimen Test Matrix IMechanical "['est/Orientation/Temperature (°C)]
for the RMP t_rchive pipe weldment components (UBR and HFIR 4M Irradiation)

....... Tensile C_y-V Impact CT-Toughness
Material L-C C L L-C C-L L-C __ C-L

25 125 25 il25 25 125 25 125 25 125Heat

IBB 2 - - - t - - 3 -

3BA - - - 3 3 3 3 - -

4BB - - - 1 1 - - l

5BA - - - 1 - . 1
ml i iii |1 "]11 --

Lt'A 3
IFfB 3 - -

2HA 3 - -

2H13 3 .....

3HA 1 - 3 3 3 3 - l

3HB - - t - - - 1

4HA - 3 - -

4HB - - 3 - -

5HA - - 3

5HB - - 3

6HA - - 3 l -
6HB - 2 - - -

7HA - - 2

4 2' - -
2W - 2 1 - - - 1

3W - 3 .....

4W - 3 - -

5W 2 1 3

6W 2 1 - 3 1

TW - . 2 1 - -

8W - - 2 1 3 3 - -

4-4
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Table 4-2: Specirnen Test Matrix [Tensile Specimens in longitudinal or transverse orientation
/,;ce Figure 4.-6)] for the Thermal Shield Weldment Components (Base, Heat-Affected-Zone, and

Weld), The specimens were all tested at room temperature (25°C) [I0].

ai-r_ - i-__&tatio'i_(seeFigure4-/5) ' ' - ' -/
..... i Lon_fial ..... l' Transverse

iq

_,_se ......... -j 121717t--_4_ 17_ -i 4 ......... ...... -
[ Heat-Affected-Z0ne - I 2 " .... ,,, , |, 2 ...................

Weld ..............., [ 4 ....... _.,,'.... ' , |"4' " " .............i 1| ii

"Fable 4-3: Specimen Test Matrix [Mechanical Test/Temperature (°C)] for the base material
from R-Task Disks [11, 121.

R.-Ta,_kDisk " Tensile CT.Toughness ........
/Base Material)

' - 25 .......... i25 ..... 25 ......... 125
....... ii nii I

.-\ 3 2 - --
D l 3 4
B aa.

.... ,.. ,, - . .,, . L:

'fable 4-4: Specimen Test Matrix [Mechanical Test] for the HFIR 1Q specimens comprised of
,aTought plate of Type 304L stainless steel. The specimens were all tested at 125°C.

....... Charpy _ .... CT-Toughness ....
Type 30.IL
t"(ate (t:50) .......

s, , 4 ', " _,.71,.'76-ii_ ._iiml_ _.-- I ' Illlll _ I I I
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b'IGtJRE 4.1: Schematic illustration of specimen orientation in the pipe ring (archive RMP
Xlatcrials 117]),Tile rolling direction of the original plate used to make the piping is parallel to the

pipe axis. qtae rolling direction of the plate materials used to make the tank sidewalls is
presumed to be p_Nlel to the original plate length, along the tank circumferential direction.
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FIGURE 4-2: UBR and HF'IR Charpy Impact Specimen Dimensions (inches).
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Type DIM "A" DIM "B"

1 7/16- 14 UNC 0.340 TYP

2 5/16 - 18 UNF 0.235 TYP

,., +o.ooo
2.1oa -0,002 Ib-

0.960 --------ll),-

0,15OR_'_ "-""- TYP

0.429_

"4= 0.480 _ g L_- TYP

FI(;URE 4-3: UBR and HFIR Tensile Specimen Dimensions (inches) [Type 21.
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FIGURE 4-4: HFIR 0,4T Compact Tension Specimen Dimensions finches). The final
specimen design included 20% (10% each side) sidegrooving of the notch plane, R-tank CT

specimen designs also included this 0.4T design and a 0.8T planform design [ 11].
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Figure 4.5A: Ex_nple of a typical J-R curve. The ASTM E813-81 is the "ASTM least squares
fit" to the data between the exclusion lines.
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Figure -!-SB: ASTM E813-88 method for determination of JlC (JQ). The JlC reported tor the
"::_e_ineck_taISection 5) determined by the MEA power law method, corresponds to the

:,,':',crsectionof the tx_werlaw fit with the exclusion line (0,15 mm offset)of Figure 4--5Aand
:!:'ereb2.'yields to lowest JIC of the three methods (ASTM E813..81,-88, and the MEA power

law.) to calculate JtC (JQ)
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FIGURE 4-6 Tensile specimen design and Orientation for the Thermal Shield Irradiation
testing [10].
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5.0 _IECttANICAL TESTING RESULTS and DISCUSSION

5.1 ()verview

It:e _,ffects of irracfiation on the mechanical properties of Type 304 stainless steel weldments are
quantified in terms of the absolute values of tensile and fracture toughness irradiated properties
:_nd. also, of the change from the unirradiated property values. The as-irradiated database
includes many experinaentation variables including irradiation conditions (temperature, exposure
level, exposure rate, and neutron energy spectrum), weldment component (base, weld, or HAZ'),
,,rientation, material source (product form and coml:osition), mechanical specimen configuration,
,tr:d test conditions Istrain rate, temperature, and testing apparatus). Categories were constructed
,hown in Figure 1-2) to differentiate factors of major importance in evaluating irradiation effects

, ie, weldment component, test temperature, and. orientation). Selection of lower bound and
r_ominal as.irradiated mechanical properties from these categories to be applied to structural
_ssessernent of the reactor tank sidewalls is discussed in Section 6. Effects of irradiation
temperature, exposure level, and composition are discussed separately below.

E::posure rate and neutron spectral effects can influence the evolution of irradiation damage
etfects. Under SRS reactor tank sidewall irradiation conditions, exposure rate effects are
unimportant because the irradiation temperature is low (< 160°C). Neutron spectrum effects are
,_nirnportant at high exposure levels since the mechanical response of the austenitic stainless steel
_s not strongly sensitive to fluence above a fluence of approximately 1 x 1020 n/cm 2 (En > 0.1
.'XIeVI, le., 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-
St_n'eillance Irradiation Progam (5, 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.
Ftgures 5-lA (25°C),-IB (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 of 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, fractm-e toughness and impact mechanical properties and the change from the
average unirradiated values are listed in Tables 5-lA (absolute value), -1B (change from
:anirradiated value) to 5-3A, -3B for the twelve categories del'reed by Figure 1.,2. The properties
_n these tables were obtained by averaging the combined set of individual irradiated property
re:,;ults from Appendix 1 as noted in the tables.

I'he stress-strain data plotted in a Ramberg-Osgood format and Jdeformation'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
!_istoric reactor full power level of 2400 MW. The specimens in the database were irradiated at
!c'mperatures from 75 to 150°C (Sections 3-2, 3-3). A comprehensive study of the effect of
i:Tadiation temperature on the room temperature tensile properties of Type 304 stainless steel had

5.1
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!_een conducted by Bloom, et al [47]. The in'adiation was conducted in the B-8 position of the
t)ak Ridge Research Reactor and the specimens were Lrr',Etiatedto a common thermal fluence of 9

I()20rv/cre2 and fast fluence _n > 1 MeV) of 7 x 1020rdcm 2. [In the ORR experiment position
-\-_;, adjacent to the B-8 position, the fast fluence (En > 0.1 MeV) is approximately 2.5 times the
f_t tquence (En > 1 MeV) or fission spectrum]. "['he irradiation temperatures in the Bloom
_xperiments [47], 93 to 454°C, span the temperatures of the specimens irt this as-irradiated
,t:_t_tbase. l-he results of that study [47] showed that irradiation at 93 to 300¢'C produced a high
L_cr_si_,,'c_fdefect clusters on the order of 10 nm diameter and that the yield and ultimate strengths
'_,,ere 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
in_ensiuve 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
_tainless steels for a low temperature (< 100°C) was conducted in the High Flux Reactor at Petten
tt_>lland by Higgy and Hammad [481. Yield points in the stress-strain curves for the stainless
steels were observed at fluences of 1.3 x 1019 rdcm2 (En > 1 MeV) and above. A saturation of
r:_diation hardening (increase in yield strength) was reported [48] at a fast fluence level of 4 x
1019 n/cre 2 (En > 1 MeV) (see Figure 5-5B). A correlation was developed showing the change
irayield strength to be linear with (fast fluence)l} 2 from the minimum investigated fluence of 1.15
x 1_)18rdcm 2 (En > 1 MeV) to the saturation fluence.

Although the ch,-mge (from initial or uni.rradiated) in the tensile properties of austenitic st_nless
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
t:_roperties may occur at fluences above the "saturation fluence." [Note that plotting mechanical
i;roperty data on a graph that is linear ha 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
_:)neor more decades of exposure ].

Several of the data in the as-irradiated database are of the same material (e.g. 1BB material),
_lowing an assessment of "saturation" in changes in mechanical properties. The Thermal Shield
data, con'esponding to fast fluence levels of 2.9 x 1020 and 1.2 x 1021 n/cm2 (En > 0.1 MeV)
/see Figures 4 and 5 in reference 10 and also Figure 5-lA) indicate that a "saturation" in the
ultimate tensile and yield strengths of base, weld, and HAZ components, each of common
materi_ source, occurs at a fluence level of approximately 2.9 x 1020 n/cm 2 (En > 0.1 MEV).
Similarly, the R-tank T specimens irradiated to 1 and 7 x 1020 rdcm 2 (En > 0.1 MeV) also show
{ao strong dependency of hardening with fluence at this exposure range although there is
significant scatter in the yield strength data (see Figure 5-lA).

l'he 1Q material (F50 code Type 304L stainless steel) irradiated to fast fluence levels from 3,6 to

_)2 x 1020 n,/cm2 (En > 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 C'I?specimens of 1BB material irradiated to fast fluences of 2.2, 2.6, and
3.7 x 1021 n/cre 2 (En > 0.1 MeV) with fracture toughess values (J @ lmm) of 2621, 2641, and
2346 in-lh/in 2, respectively, do not show any significant decrease with fluence. The toughness
data (J @ lmm) from R-tank specimens RD37 and RD39 at 1 x 1020 n/cm 2 (tested at 125°C) are
2700 and 2500 in-lh/in 2, similar to the values from RA37 and RA38 at 7 x 1020 rdcm 2 (tested at
25:C), 2900 in-lb/in 2 for both. Thus, the change in toughness with fluence is not significant at
:,heexposure levels of the as-irradiated database.

"i
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The average results from the as-irradiated database in Appendix 1, representing irradiated
_r_echanical data at exposures from 0.l to 4 x 1021 n/cre2 (En > 0.1 MEV), are categorized in
I_,tb',c',',,_- 1A,B to 5-3A,B independent of exposure level, lt is noted, however, that the irradiated
results from the UBR tensile data (125°C) suggest that "saturation" in hardening for weld
.:c_r,_p_acrltste.,Jtedat 125°C has not occurred at 1.1 x 1020n/cre2 ,(En> 0. l MEV).

5.3 Tensile Data Results

Tensile results _strengths and ductility) for each tensile specimen in the UBR, HFIR (1Q and
J,\l), R-tank, and Thermal Shield specimen in_adiations ,arelisted in Appendi× I. The I--Lr=IR4M
_ensile 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
_)rientation (see Figure 1-2) is provided in Table 5-lA. The average R-Tank and HFIR 1Q data
_trealso listed separately in Table 5-lA.

\s expected for Type 304 stainless steel, strength properties at the higher test temperature (125
_(?)were slightly lower than the strength properties at the lower temperature (25 *C). Ductility 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 II required
values of 70 ksi for tensile strength, and 30 ksi for yield strength. No orientation effect on
_naterial tensile properties was observed for the L-C and C-L test directions. The average
l_)ngitudinal (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
._t the lower bound data range were measured at 15% elongation. Therefore, based on the
composite ct,_tabase for SRS specific materials and irradiation conditions, the tensile properties of
the reactor tank walls ct trent and projected irradiation conditions are predicted to meet the
material property requirements of the ASME BPV code.

[iardening due to irradiation is evident in ali of the test data except for the tensile strength of the
weld metal at 125°C. The observed _ in tensile strength (- 6% ) for the irradiated 5W
n_aterial (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
_how low (~ 65 ksi) tensile strengths; no corresponding unirradiated tests were conducted for
,hese materials. Lr'radiation induced changes in yield strength and ductility for the remaining weld
_pecimens (UBR and Thermal Shield weld specimens tested at 25°C) show expected results and
:ue consistent with ali data Ibr the base and HAZ specimens.

5.4 Charpy Data Results

I'cst results for each Charpy specimen are listed in Appendix 1. Table 5-2A summarizes the
._verage Charpy impact energy data. ]''he average energy absorption exceeded 50 ft-lbs for base
r_et;xl,weld metal and HAZ material at both 25 and 125°C. These impact test results corroborate
',he high toughness of Type 304 stainless steel for the temperature range of operation for ali three
::_aten:d types ( base, weld, ,andHAZ ), and both ASTM specimen orientations.

I_egardle_s of test temperature, orientation, or weld component, irradiation reduced the energy
:_bsorption under impact loading, as seen in Figure 5-6. Ali three material types (base,weld, and
}tAZ) 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 prono_.mcedat 125°C thm_at 25°C.

The lowest impact energies were for the C-L orientation at both test temperatures. These
_:,bservations suggest that segregation, ferrite stringers, or texture effects associated with pipe
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t'orrning operations are particularly sensitive to irradiation. Comparison of the UBR and 4M data
indicates no statistically significant decrease in impact energies with increased fast fluence (En >
/). 1 .",leVi)frorn 1.1 x 1020 n,/cm2 to 3.8 x 1021 n/cm 2.

5,5 Compact Tension Data Results

-lq_etest results including the fracture toughness parameters from each compact tension specimen
are listed in Attachment 1, The Jdeformation-Rcurves for the 0.4T planform R-Tank and HFIR
_tXlspecimens are shown gaphically in Attachment 2. Average fracture toughness properties for
the three weldments (base, weld and HAZ) are shown in Table 5-3A. The deforrnation-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 [51 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
occun'ed for the HAZ specimens and the smallest for the base met_. 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
i0.aT) specimen with sidegrooves has a lower fracture toughness than the larger (0.ST)
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.
.',laterials selected for examination included: base, weld, and heat-affected-zone (HAZ); CVN
specimens irradiated in UBR mad tested at 25 and 125"C; and a base metal tensile specimen from
R-tank wall tested at 25°C.

Ali CVN test specimens and ali three material types exhibited ductile fracture at both test
temperatures. A typical fracture, Figure 5-7, shows rnicrovoids 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 birnodal microvoid size distribution was
found in the HAZ specimen from ring 3. In ali other cases the microvoid size was uniform.
Transverse cracking was observed in one weld metal specimen and one HAZ specimen. In the
[tAZ specimen with the lowest impact energy, banding was evident on the fracture surface.
.',,Ietallographic 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 shorx bands of segregation leading to weakened areas aligned parallel to the surfaces during
forming.

I"he 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
'.he specimens tested at 25°C showed microvoid coalescence (dimpled rupture fracture mode).
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Table 5.lA: As-Irradiated Tensile Data

Test Sample Engineering Engineering Total Reduction
Tcrnpcra_'e ASTM Yield (0.2%) Tensile Elongation* in

_l',_tcn'al /'C) Orientation Strength (ksi) Strength (ksi) (%) Area (%)

I3a s e 25 L-C 87.4 102,5 34.5 NR

C-L 86.2 101.7 41.5 NR

R.Tank 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 64.3 90,3 42.1 65.0

Type 304L L-T 65.6 79.2 33.6 60.8
tt A Z 25 L-C 88.4 102.5 32.0 NR

C-L 89.5 103,1 40,5 biR

125 L-C 81.2 88.6 NR ,'VR

C-L

Weld 25 L-C 90.1 104,2 36.5 60.8

C-L 96.0 105.5 27.4 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 Therm',d Shield ir 5ividual specimens (see
Appendix 1). [The "longitudinal" orientation of the thermal shield specimens is taken as equivalent to the
C-L orientation of the RA4P piping specimens; the "transverse" orientation is taken as equivalent to the
L-C orientation].
2) Yhe number of mechanical specimens in the various test categories are listed in Tables 4-1 to 4-4
i_ummed from the spez:tmenslisted in Appendix 1).
i_)S[m-cimens 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 Shield specimens is 24.4 x
!l!_ to 30.4 x 106 psi (page A1-3), The range of Young's Modulus for the HFIR 4M specimens is 27.3
,_ l l_¢' t_ 36.1 x 106 psi (ref. 46).

"' Total Elongation in respective gage lengths
."-,'R = Not Rewarted
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Table 5-1B: As-Irradiated Tensile Data
(Average Change from Unirradiated Strengths)

Test Sample Yield: Tensile:
l'cm[_ratum ASTM &Yield ATensile AItTA.Jnirr 'AirrAJnirr

\laten;d ii'C) Orientation Strength (ksi) Strength 0csi) (%) (%)

Base 25 L-C 53.3 19.3 156 23
C-L 52.1 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 35.3* 19.3' 122" 27*

F.,,_ 304L L-T 136.8 10.4 128 15
tt A Z 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 20

125 L-C 10.0 -6.2 22 -9C-L

"L.'ntmxdiatedvalues for R-Tank assumed equivalent to the average (L-C & C-L) baseline propertiesat 25and 125'_C(from reference 35)
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Table 5-2A: As-Irradiated
Charpy Impact Data

Test Temperature Sample Energy Absorption Lateral ExpansionASTM
\ Iaterial t °

, C) Orientation (ft-lbs) (mils)

Base 25 L-C 83 67
C-L 63 50

125 L-C 94 80
C-L 71 66

l-'ype 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 ef the UBR and HFIR 4M data. Specimens from a plate of Type 31NLSS were irradiated inthe l-tHR 1Q capsule.
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Table 5-2B: As.Irradiated
Charpy Impact Data (Average

Change from Unirradiated
Impact Energy)

Test "Fcmpemture Sample Energy Absorption Lateral Exp.
ASTM (Decrease) (Decrease)

.xI',_:erial (°C) Orientation Aft-rbs; AIrr/Unirr (%) Amils; Ab--r/Unix(%)

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 3()4L L-T 92; 53 7; 8
t!AZ 25 L-C 56; 41 21; 26

C-L 4l; 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

........ : .......... • II I III I I lr II II I'1 II I II II . ___1111 ____ _
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"Fable 5-3A: As.Irradiated Fracture Toughness Data
(Deformation.J, Power law)

Test Sample JIc- Deformation J @ Aa = l mm Ave
"I'cnlperature ASTM Tearing

Modulus
\ la_en'al (°C) Orientation (in.ib/in 2) (in.lb/in 2)

Ba s e 25 L-C -
C-L - - -

R-Tank - 2092 (0.ST) 2900 125
125 L-C 1730 2547 127

C-L 942 1502 70
t_--I'ank - 1730 (0.8T) 2500 125

- 1122 (0.4T') 1800 95
F.vt e._t_, LT 1513 2107 108

''1IIAZ _.5 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 ....

............... i [ l ii i ii i l 11 iii _ 111111 [ [ Jl __ iii '1

*R-Tank25°Cdatafrom0.8T planformspecimens;R.Tank125°Cdatafrom0.4and0,8T
p_ffotxn specimens

The results for the Base,HAZ, and Weld, L-Cand C-Lorientationsare comprisedof
theaverageof the propertiesof the HFIR4M data. Specimensfroma plate ofType 304L
gS werei_actiatedin the I-[FfR1Qcapsule.
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Table 5.3B: As-lrradiated Fracture Toughness Data
(Deformation.J, Power law) (Average Change from

Unirradiated Values)

"Fv:st Sample J @ lmm Irr/Unirr Ave Tearing Modulus Irr/Unirr
'I'crnper'ature ASTM (Ratio;%A) (Ratio;%ck)

\ 1atcria.l (°C) Orientation

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

R-T',lr_k* - (0,ST) 0,83; -17% 0.62; -38%
125 I_.I-C 0,74; -26% 0,48; -52%

C-L 0.73; -27% 0,39; -70%
R-'l'arlk _' - (0.ST) 0.90; - 10% 0,53; -47%

(0.4T) 0,65; -35% 0.40; -60%
['ype304L L-T 0,78; -22% 0.45; -55%

HA Z 25 ,;}_3 L-C
C-L

125 , L-C 0.50; -50% 0.40; -60%
C-L 0.35; -65% 0.12; -88%

\Veld '_5 L-C
C-L

125 L.-C 0.59; -41% 0.31; -69%
C-L

_--Z ---- till IIIII I III IIII I _ IRI I II I JII -- _ I JI _ - II II I I II1 I I II I

' UnirradiatedvaluesforR.Tankassumedequivalentto theaverage(L-C& C-L)baseline
propcmesat 25and 125°C(fromreference35)
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l'able 5-4: Effect of irradiation temperature on room temperature tensile properties [Table
reproduced from Reference 47],

Tau t,.g t

Room.temperature termile properties of irradiated ty-pt_ 304 ,_tainless steel.

rrra, ttation Yield stress psi) Lrlt[m_.te tensile 1 Teuo True Elongation
• strength (psi) } gr_oture tmi.form strata at, sr,

st, tess
ternpera¢tu't_ Engi- strain fracture fraetxtre

,_ (3) ,._ffset upper lower neering True (psi) (olo) (o_) (o_)

:< 10a "< 10 a x 10 a :< 10a :< 10a x I0 a

93 86,6 90,7 85,4 I12,2 170,9 288,2 42,0 141.0 58,_

121 94,3 96.7 90,2 115.5 169.3 246.0 38.2 119.5 52.8

q( '_ . 22814,9 _9.. 100,8 93,5 118,9 171 8 ,4 36,8 111,0 50,4

17" 95,1 96,7 92,3 113.8 I69.1 247,0 39,8 122,0 54,4

303 91 5 113.8 147,5 298.7 25.9 139,0 36,5
' I

J

:_43 51._ 99.2 133.o 230,o 29,4 13,_.0 } ,,0.4
3.1 .i0,7 97,7 142.5 283.8 37,7 154,.0 [ 52.0

398 ._,5.5 95.9 150.0 '.,45,0 ,_4._ 141.0 t 6a.o
I 66,6_54 _a._ 9_,s
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UBR, R-Tank, Thermal Shield Data at 'Test Temperature ot 25°C

_o0 _i f ' '.r L__ i _ii...............
• _k ........... '....=_ _o -- ! . , .L_L____' _' -_._______,____-.-.

70 ...... -, .... ,, J

,.._ 60 .... . ...... , .......... '._ _

,--'¢_ 50 -- ---=--] • UBR YIELD [WELD, C.L & L-CI ---1. !

¢_ 40 a UBR TENSILE {WELD, C-L & L.CI -_.-. _
• R TANK YIELD [BASE] .-,-..-

.._ 30 ----"---____ o R TANK TENSILE [BASE) "'I-"

"" _ ! ._J• TI_.RMALSHI_t.Dvrmo tS,W,H:L& TJ --""-20 . J _

-.•_ A TTI_RMALSI-{IT.LDTE II_ [B,W, H:L & "r] -].,..-
"_ 10 ......... r - - -.... _....... _j_ _

o.......sioI _i0 2t 1022

Fast Fluence (E > 0.1 MeV) n/cre^2

Figure 5-lA: Yield and Tensile Strengths at 25°C as a function of Fast Huence (E n > 0.I
MeV) for the UBR, R-Tank, and Themaal Shield Specimens

LBR, R.Tank, HFIR IQ&4M Data at Test Temperature of 125°C

-=_._°°-__IIYT.[ 1. .....- _-__]_ ""I

= -----ii......l lc .... ]
1 . ,i ......... .-, t

- 7o 't i171,,I-_i _

,mo . :
;_ "_"'_"'_'_",'_, . _. _ . . . _ _

m 50 ..... ---- • L_R YIELD [WELD, C-L & L-C) ,..i-.....

_-, ..... = UBRTENSILE[WELD,C.L&L-C] -.i-....
40 _-.....-.__ • R TANKYIELD{'BASE] -L....

¢_ o R TANKTENSILE{BASE] -*".....30 ....... .,. ....
',_, r---- • HFIR IQ YIELD {304L] ...l--- -.

20 "-'---'--'-_ _ HTIR IQ TENSILE t304L] _--- _-

""= --'-"'---"_- _ I'IHR,IMYIELD [B:C-L & L-C;H:L-C] "_--'i

."_ I0 ....... i _ HHR4MTENSIIIIZ_IB:C.I.&L.C;H:L.C]"I"-I"
_" ,_ I ....LI .___,'F, ! ii i_.

(.)2u
1021 022

Fast Fluence (E > 0.1 MeV) n/cre^2

Figure 5- IB: Yield and Tensile Strengths at 125°C as a function of Fast Huence (En > 0,1
MeV) for the UBR, R-Tank, and HFIR I Q & 4M Specimens
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UBR Data at Test Temperature of 25°C

-- 'iX)
_m

t

_o

-- 5()

-li)

._0

2O

lO

/'l

_):o 102t 10_2
Fast Fluence (E > 0.1 MeV) n/cre^2

Figure 5-2A: Absorbed Impact Energy at 25°C as a function of Fast Fluence (En > 0.1 MEV)
for the UBR Specimens

UBR, HFIR 1Q & 4M Data at Test Temperature oi' 125°C

110

- 100
I

"--.- 90

_ S0

_ 70

6O

_" 50t--

._ 40

30z

. 20

10

iO:o i.O_.t 1022

Fast Fluence lE > 0.1 MeV) n/cre^2

Figure 5-2B: Absorbed Impact Energy at 125°I2 as a function of Fast Fluence (En > 0. I
MeV) for the UBR and ttFIR 1Q & 4M Specimens
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,., R-Tank Data at Test Temperature of 25°C
<

_ 2600 ....

2400

2200

2c_)0

t400
1200

1000 RTANKtBASE0 8"I'PL
u SO0

4(X)

. t0 :° 10zt 1022

_" Fast Fluence (E > 0.1 MeV) n/cre^2

Figure 5.3A: Fracture Toughness at 25°C as a function of Fast Fluence (En > 0.1 MeV) for
the R-Tank Specimens

_,_ R-Tank, HFIR IQ & 4M Data at Test Temperature of 12_C
.am--- 3000

' 280O

-. 2600

= 2400lm

'J 2000
1800

1600
_ 1400

1200
1000

= 800.g:
_tJ
= 600

_" 4{30
" 200=

0.'_ 20
'- tO I0 21;.t. 1022

Fast Fluence (E > 0.1 MeV) n/cre^2

Figure 5-3B" Fracture Toughness at 125°C as a function of Fast Fluence (En > 0.1 MeV) for
the R-Tank azld HHR 1Q & 4M Specimens
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R-Tank Data at Test Temperature of 25°C

- _o ....i.... '" 'LI +....... J
" (I,9 . +-]: ,'] ............... , t q -
u_ 7..._77!71 : ,,_ ' 'J:Li ........_,_ .....F_
__ I_,8 [._ }.... I i 1 | ]- . _..... ! iI

77£7L[715-_ = =
o,5 { _.....r i-I.JL ....... _x_+., _

0. 3 :" .......... --:' ...... l L''"

_, 7..__I_E71 l........V-_. 0 "_
= ... 7_ t I_Lil-! 1 ......l..........i-iT>

= ]-Z] _-] 5 7 ] ] J l ] L ] 7 7" - - [7]' L [ 7 7 Ii _ l ....... _ - " " l 1''1 [_O.I_- -- l i g .L-UI_I i I .... I---- 1 _ 1 ='i ] t
a. --,r--r-l !lill l J -i Til :o,o ....

t0 2o 102t 1022

Fast Fluence (E > 0.1 MeV) n/cre^2

Figure 5-4A: Normalized (Irr,/Unirr,) Fracture Toughness at 25°C as a function of Fast
Fluence {En > 0.i 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 Iter. 35].

R-Tank, HFIR IQ & 4M Data at Test Temperature of 125°Ctd

,0-------------=-=;lt_ r I •

_. o.9 r i-- 4-44
: 0,8 _ Hq,,- I

- 0,7 ' " " LL__m --Ti_ _ _
_ o, T Pt.ANFORMSPECIMENS(2) .L.b 7_.._.#

._ 0.4 _ RTANK[BASF.,O.4TANDO,BTPLANFORM]-]_._____
H • HFIR IQ t30+LI +----

_. 0.3 q l HFIR4M m. H'.L-C & L-C:W'. L-C] I_"- ....

0.1 -+-- +---'--+--

0,0 "--
£0 I0 at 1022

Fast Fluence (E > 0.1 MeV} nlem^2

Figure 5-4B: Normalized (Irr./Unirr.) Fracture Toughness at 125°C as a function of Fast
Fluence tEn > 0.1 MeV) for the HFIR 1Q&4M and R-Tank Specimens (the uni,rmdiated 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 5-5A: Effect of irradiation temperature on room temperature tensile test data [Figure
reproduced from Reference 47].

_O l ----" _: .... I ......... ' I .... " ol ;---

... 0.- 'e/O /0_'_'_" 4b--

... o-" AISI Typo-347

,._*"_ AlS1 tyle. 318

111--

.,...,.,--" AISIType-304

¢: Pre.lfr, Irl.
_,,: po_t.lrr,lm.

LOW-_'IMP.IRIIilOIATIOH

10 10 10'* 10̀0 ld

FASTFLUEm¢|[l>lleV],_lcm _

Fig. 8. The effect of fast fluence on the increment

(,ai_ - al) 1/'2of AISI Types 304,316 and 347,

Figure S-SB' The effect of fast fluence level (En > 1 MeV) on the change in yield strength for
Types 304, 316, and 347 stainless steel. Reproduced from reference 48.
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Figure 5.6: Effect of test temperature ota impact energies of irradiated CVN specimens {figure
copied from Reference 43].
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}.i,.,.!9 J2-1] Charpy impact fracture surface and companion microstructure of heat-affected zone
specimen 5HB- 16 (L-C orientation). Fracto_aph-260X magnification.
Micrograph- 195X.

t.i:g.4S [241 Scanning electron microscope photomicro_aph 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.

F'i_ure .-7.'-7:Fracture surface of the UBR CVN specimen 3HA-34 and unirradiated CVN
,,pecimen 5HB-16 (reproduced from reference 24, Appendix U)
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6.1) IRRADIATED MECHANICAL PROPERTIES: ENGINEERING
STRUCTURAL ANALYSES

_i. I ()verview

_ 1.1 Compaxison of RMP, R-Tank, and Thermal Shield Materials to SRS Tanks

The materi_ and in'adiation conditions of the mechanic',.d specimens in the as-irradiated database
are similar to the SRS reactor tank sidewalls. The properties of the specirnens, therefore, may be
,_pplied 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
_idewalls were produce.xi 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
[271,

The materi_s for the RMP irradiation and mechanical testing programs were eight sepa;rate 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/_,_ manufacturing and installation of the piping. Ali 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 P39.020,
issued November' 11, 1951 with latest revision January 24, 1957. The construction design code
of record was Americ,'m National Standards Institute (ANSI3 B31.1. The piping was joined with
Inert-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
materials 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 tquence levels of 1 and 7 x 1020 n/cm 2 (En > 0.1 MeV) (Section 2.4). The base weldment
component of the Thermal Shield specimens is 1950's vintage Type 304 stainless steel. The
_1AZ 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
added to the database tbr selection of properties for engineering structural analyses. The Type
3/)4L material from the lib'lR 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 steel.

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
cumulative reactor tank average and peak exposure levels in terms of fast and thermal neutron
tquence 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 fl'om t',mk wall scrapings [1].

The tank sidewalls have been exposed to fast fluence levels between ,-- 1020n/cre 2 and 2 x 1021

n/cre 2 (En > 0.1 MeV) [2] except for regions at the tank bottom (T-weld), tank top (expansion
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ring), 'aad tank nozzles outside the plane of the sidewall which have been exposed to much
,ro,tiLer fast tquences. The properties in this report were collected from specimens irradiated from
l x 1()2() to 4 x 1021 n/cre 2 (En > 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
t<'presentative of the tank sidewall properties. Futhermore, blanketed operation has greatly
reduced the rate of addition',.d fast fluence accumulation II] and the highest fast fluence exposure
:cvel (4 x I021 n/cre 2) bounds the maximum tank wall futttre level for at Least50 additional years
,,t {_peration at 24(.)0MW with 66% innage or 1600 MW [1, 13]. Thus the irradiated database is
,_pplicable to structural analyses for the remaining service life. Additional details of the tank wall
_rradiation history including fluence rate and tank wall thern'ualto fast fluence exposure levels will
!:',eprovided in a future RMP report [5].

e_.1..3 As-Irradiated Database: Development of Properties for Engineering Analyses - Summary

'I'he as-irradiated results were produced at temperatures approximately bounding reactor tank wall
temperatures including the maximum sidewall temperature at historic full power (- 130°C) [2]
:tnd are applicable to analyses of the tank materials for these temperature conditions. Structural
(,;tress) anNyses 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
_,ndergo 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 del'reed.

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 f_' Irradiation Effects Studies

Fhe as-irradiated results (Section 5) were presented in terms of both absolute average property
level and change frot,a 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 35.

Several irradiated sample categories (e.g, HAZ, C-L, 125°C) are comprised of one or two
:_pecimens. The percent change in the mechanical propexxy 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, I.,-C, 125°C '' for
elastic-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)

._° v,jr'



,I.D, Spencer WSRC.TR.91.11
.)'[2__x_mber t991 _ Task # 89.0_.LL4.t':=_t

,_pptied to the average baseline result of 3220 ia-lb/in 2 for J at 1 mm [35] yields an absolute
ri_ttghtaessot 1900 in-rb/in 2,

,.\pl_lication of the unirradiated results to the irradiated database has been done qualitatively to
tdcrttifv the Lower Bound material fracture toughness (Section 6.4), The category HAZ, C-t,,
t25°C yields the lowest baseline toughness [35], Furthermore, material 7HA yields the lowest
_oughness in this category,

6.2 Tensile Properties

_.2. t Tensile Properties for Structural Amtlysis

The tensile data in this testing program were generated in conformance to ASTM testing
,_pecifications and are applicable to engineering analyses. 2"he average irradiated yield and tensile
_trengths for the base and heat-affected-zone materials and elongations are equivalent to or
_uperior 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 II
yield 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
,,vetd materials (Type 308 stainless steel) are superior to ASME-required (SA-358) values for
welded pipe. lt 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

Isy + ,Su)/'9,.where Sy is the 0,2 percent offset yield strength (Engineering) and su is the ultimate
tensile suength (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
znechanics analysis of the tanks (Section 7). The tensile parameters include the yield strength and
Ramberg-Osgood p_'ameter for the True stress-strain curves, The tensile curve characterization
in the Ramberg-Osgood format is:

e.y c_y (13)

where Cryis the yield stress (True) and Ey is equal to Cry/Ewith Young's modulus, E (taken as 28
x I06 psi'_.

6.3
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Ideally, Ramberg-Osgood parameters s!hould be obtained from the tensile data for a 'F specimen
:torn tile identical material and orientation as a corresponding C-SI'from which the fracture
',_u,.;,hnes._is measured. The 4M specimen 7HA5 (HAZ, C-L orientation), the Lower Bound
' t,2,_u..hness specimen, did not have a companion tensile specimen in the 4M capsule. The tensile
;,ropcrties (Ramberg-Osgtx_ parameters) frorn the 4M HAZ, L-C tensile specimen was applied
_n:_teadstnce the tensile properties are not dependent on orientation.

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

_).3 Charpy V-Notch Impact Energy

(.?harpy 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 inr'adiation on the toughness of a material type. The UBR
irradiation progr_un was developed to provide a survey of the piping ring material [7] to compare
'he 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 in'adiation 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
fracture toughness results (J values) from the HFIR 4M specimens.

.\dditional 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.

_F'hecomparison 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 (,_a) 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
tearing [44t, 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
:_pproaches to deal with regression analyses of unloading compliance data, selection of different
effective elastic moduli, and treatment of blunting line data; a!so, the ASTM definition of Jrc has
tecendy changed (see Section 4).

From the results of J at _a = Imm listed in Table 5,3A, the lower bound toughness category is
the HAZ, C-L category with J @ lmm of 662 in-lh/in2. The remaining categories have J @
lmm vNues from 1502 to 2900 in-lb/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].

=

lr ipii I, , ,iq, , ,n , I_n_ _, [I1_" _1 * lr _1 1, Intd,rll$ , lpr ,_1 ¢,h r' I_' lr , ,



,l.I). Spencer WSRC,TR.91,11
Dccemtked' 1,991 . Task # .89-023-C.1_

Characterization of the material resistance to fracture is given by J-R curves and the associated
_aaateri'alJ-T curves developed from the power law fit to the J-R curve data to represent the
_11aterialresistance to fracture. The J-R curve is the proper format since,ali the spe':imens
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).
l'he material ,I-T curve from the J-R data is given by:

[!_n_'tb.It)Lh: ] = CAaN' with _ in inches

and,

where the expression for JD (J-deformation) is the power law formulation of the J-R curve data
,,vith 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/m2],

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 7HA specimens (7HA5 and 7HA7) are the lower bound results to the
4M 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
,,irnilar toughness levels.

For the pupose of identifying material toughness for elastic-plastic fracture analysis (Section 7),
the J-T curve from the 7HA5 specimen is ascribed as the "lower bound" irradiated material
toughness, and the J-T curve from the 2W2 specimen is ascribed as the "nominal" irradiated
material toughness, The corresponding Ramberg-Osgood parameters from the 125°C HAZ, L-C
category (specimen 3HA8) may be applied to calculate Japplied (Section 7).



<I,D, Sperlcer WSRC-TR.g[.ll
!2ecem0er 19--91 Task # 89-023-_._t

Material J.T Curves . HFIR 4M Specimens
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_r Bound Material Fracture Toughness Parameters (from Appendix 2)

It_e J-T curve (7HA5) equations are:

[in-lb 1600,
J D l in z ] "" 949Aa°' with Aa in inches

:lhd,

T = 0,5901
LSaa.0,8400

for sf = 84,9 ksi, with the limit on Aa of 0.1181 inches corresponding to J = 674 in-lb/in2.

The Ramberg-Osgood parameters from corresponding tensile data (3HA8) are: ct = 5_52; n =

10,8; with Cry= 81.2 ksi.

Figure 6.1: Material J-T curves from the HFIR 4M capsule. The curves represent as-
irr_iated property categories from each category at 125"C except for the Weld, C-L category,
The J-T curve from specimen 7HA5 is the Lower Botmd material fracture toughness and the
curve from specimen 2W2 is ascribed as the Nominal material ffactm'e 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
,_nd '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
de t'omnation and crack tip blunting prior to initiation of crack growth by ductile tearing [Section
5.6 and references l l, 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,
ltence, 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
t'lawed component should give explicit consideration to crack tip plasticity and stable crack
growth by tearing that precedes fractttre 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 (LLFM) 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
[501. 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
151, 521. 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 tor the tanks, the J-T instability criterion, and an
ex:unple 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 [53,541, has been applied to determine the load capacity and
calculate safety margins for postulated flaws in the reactor tanks [50, 51,521. 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 quantificatiofibf the irradiated material
fracture resist_mce is given in Section 7,2.1.

The J-integral (Jap.plied) is a measure of the elastic-plastic stress-strain field around the crack tip
field for any specified crack geometry and loading; Japplied is dependent on the material stress-

7-1
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,tr:lin relationship. The/applied formulation for the SRS reactor tank analysis is discussed in
.qc,::ion 7.2.2.

!_y combining the crack driving force solution for a specific crack/structure geometry (Japptied)
',__'_hthe experimentally determined material J-R curve, it is possible to predict the critical load (or
,fi,;placementl at which unstable crack propagation occurs. This determines the amount of stable
,:rack growth achievable prior to instability. Specifically, the J-R curve is superimposed on the
J?,pplied diagram at the appropriate initial crack length, ao. Equilibrium requires that the J driving
r_rce be equal to the material's resistance to crack growth at each applied load level. Crack
instability occurs at the crack length corresponding to the tangency between Japplied and
Jmateria.l as shown m the diagram at the bottom of Figure 7-I. A convenient me0ms to define the
m:lrgin against instability involves plotting J versus T for the applied and material resistance
values. A schematic diagram showh'tg crack instability as the intersection of the two J-T curves
is given m the top diagram of Figure 7-1.

This point of instability is expressed by [53,541:

Japplied = Jmaterial
Tapplied = Tmaterial (2)

_,here T _(nondimensional) is the te,'mng modulus defined as:

Tapplied - S 2"-'_

s_r (3)

and _,here: E = the elastic modulus (28 x 106 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 propoz_ional loading (J-controlled
_trowth) is:

(1)

'.,.here b is the remaining ligament, and a is the crack length, Generally, only small amounts of
,:rack 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

[551, but recent studies show that crack extension to _ = 1 meets the proportional loading criteria
[351. The large (IT) vs. small (0.4'1"3specimen testing performed in the RMP baseline program
_Section 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 (lT) specimen, n which co is greater than l0 at
Xa = 3 mm, yielded results equivalent _o the smalI (0.4T) specimen up to at least 3 mm, crack
:.'xtension in the 0.4T planform specimen apparently occurred under J-controlled growth

7-2
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_remaining ligament in the small specimen sufficient to allow J-controUed growth up to 3 nam).
l'he coat Aa = 3 mm for the 0.4T planform specimen is 1 (RMP Calculation Set #91-03, Part 2),

Fhe p',u'ameter co at Aa = 3 mm for the irradiated specimens is 'also approximately 1 and therefore
,i cutoff at Aa = 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.

_ect_on 7.2, 1 outlines the approach in development of the as-irradiated material properties in the
J-'I"instability criterion analysis for the tanks. [The application of material toughness properties
from this testing program to the tank is discussed for the J-deformation material fracture
toughness results which are similar to the 1-modified results for tract- extension (Aa) of
,_pproximately 1 mm and tower bound to the J-modified results at crack extensions greater than
approximately 1 mm (see ref. 35, Figure 4-4). The testing results for the J-modified formulation
,tre contained in the final reports by Materials Engineering Associates and Westinghouse Electric
Corporation 111, 42, 45, _d 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
,_tabiiity analysis (reproduced from reference 51).

7.2.1 Material J.T Curves

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

I-he J-R curve defies 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 materkO (7HA5) bounds the material toughnesses for the specimens tested in the SRI.,
irradiation programs (Section 6).

lq_e 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 con=sponds to Aa of
0.2 mm up to the limit of J-controlled crack extension, with the upper limit of J validity taken at
_he J value at Aa = 3 mm of crack extension. Alternate "cut-off' options are presented
_cherrmtically in Figure 7-2.

7,2.2 Applied J.T Curve Formulation

-ks _;hown schematically in Figure 7- l, elastic-plastic fracture mechanics analyses are based on a

c_,mpanson of the J-integral crack driving force (Japplied), which reflects the crack configuration
:_nd applied loads, and the crack growth resistance m a given material [53, 54]. An estimation
procedure for calculating the J crack driving force for several cracked configurations has been
established [581. Tke Japplied formulation for axial and circumferential flaw postulates in the
SRS reactor tanks for pressure loadings, thermal gradient loadings, and residual stresses axe
discussed in detail in reference 50 and sununarized in reference 51. The following discussion
provides ,anoverview of the development of the appLiedJ-T for the reactor tan.k fracture analysis.

Tke Japp' ,cd formula for pressure loadings are ca!culated from the formulas for a crack in an
;nfinite plate with suitable shell con'ection factors to account f,r the cth"vature effects [53, 54].
Standard formulas [561 for calculating stress intensities for bending stresses due to thermal



,I,D. Spencer WSRC-TR.91.11
_aL0__.r t99 t_ __£'_k # 89.02_._C:1

gr:_die_'_tloadings were applied. The stress intensity for residual stresses are calculated by
,_t_l',ing a residual stress distribution with a peak stress of 4,5ksi in the form of nodal loads on
_he nodcs at the crack surface in a finite element model of the tank. The stress intensities from
:Inepressure loadings, thermal gradient loadings, and residual stresses were added line_ly and

,.onv_*.riedinto Japplied with the expression Japplied = K2/E where K was the sum of the stress
:,,_ensilies and E is Young's Modulus (given above).

lhe set of Japplied values as a function of crack length (a) is formed and the applied tearing
_(_ttult_s IT) is 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 ],
_he elastic-plastic J-T instability criteria was applied to postulated flaws. The lower bound
_naterial J-T curve from the 7HA5 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
car_,e 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,

7.4
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Figure 7.1" Equivalent J-T, J-a Illustrations of Crack Growth Stability [51].
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,_ Power Law Extrapolation (1)

NUREG 1061 Line,'u"Extrapolation (2)

J .4 da2;d2jdJtLa= 0 (3)

co= I (4)

Applied J-T Material J-T

T ____g_E
$2 daf

Figure 7.2: Material J-T Cm've "Cut-off' Options to define instability:

( I ) Power-law extrapolation of the material J-T curve to intersect the applied J-T curve;
(2) Linear extrapolation of the materi',d J-T curve to intersect the applied J-T curve;
(3) Horizontal cut-off at d2J/(da)2ord.l/da =0; and

(4) Horizont_ cut-offat co--.1 (recommended,seeSection5-5 of Reference35).

7..6
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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,

7-7
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,_.0 R31P IRRADIATION EFFECTS STUDIES

S.I Introduction

l'he Reactor Nlaterials Program (RMP) activities to study irradiation effects on the mechanical
and corrosion properties of the archival materials are listed in the RMP Action Plan [5]. "Fhe
,tudies include both as-irradiated mechanical and corrosion testing and mechanical testing of
,;pecimens having been post-irradiation, thermally-cycled to evaluate helium embrittlement
ct fects. 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 evaluation of SRS reactor
t_lnkservice life.

..\dditional mechancial testing of specimens from the HFIR 12M capsule [28] and the K-
:_urveillance 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 [5].

Xlicrostructural and microchemical studies of Type 304 and 304L stainless steel from the
sidewall of R tank and the RMP n'radiation 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 [281 and activities are in progress.

Fracto_aphy analysis of the broken mechanical test specimen surfaces have been completed for
the UBR Charpy V-notch (CVN) specimens [241 and the R-tank Tensile (T) specimens [121.
The fracture mode of the irradiated material is completely ductile tearing, the same as the
_nirradiated materials. A sun'unary of the fractography analyses are provided in Section 5.6.

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

The 12M capsule corttained 18 CT, 9 CVN, and 9 T specimens and was identical in design to the
}tFIR IQ and 4M capsules. The as-irradiated testing of the 12M specimens [28] will provide
adctitional 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
at ORNL in 1992 [28].

The K-Surveillance program provides a total of 60 CT, 60 CVN, 40 T, and 20 Wedge-Opening
Loaded (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
_pccimens 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 Irradiation will be provided in a future RMP report [5].
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,',I.3 _licrostructurai Analysis and Mechanical Property Correlation

_Iicroswuctuml characterization of the as-hTadiatied stainless steel involves the identification and
qua_atit+icationof the size and number density of the lattice defect complexes and helium bubbles
i_roduced during in'adiation. These tnicrostructural features, produced as a result of irradiation,
.ire r'esporlsible for the changes iramechanic',.d properties of the tnaterial. The scope of the studies
includes R-tank tT_aterial(7 x 1020 nJcm2, En > 0.1 MEV), specimens from the UBR Screening
Irradiation (1.1 x 1020 rfcm 2, En > 0.1 M[eV), and, the HFIR Full-Tenn [rradiation (0.9 x 102t
r_cm2 (1Q), and 3.8 x 1021 n,/cm2 (4M), En > 0.1 MeV) [28].

The microstn_ctural 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
t'rom the Screening and Full-Term irradiations is in progress. The dominant microstructurat
feature is an interstitial defect cluster distribution of non-speciEic 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 speclmen 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
yield strengths due to the defect complexes [5]. The results will be compared to the mechanical
testing results irt this report.

8.4 Microchemical Analysis and Solute Segregation Estimation

Microchemical mapping of selected R_MPcorrosion specimens is being perfo_ned [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 [601 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 sidcwaU mamrial.

Although IASCC is ngt 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
uorrosion testing of irradiated Type 304 stainless steel, and indirecdy, by analytical predictions
:_nd measurements of solute segregation at the microstructural grain boundaries as discussed
_bove. The irradiated corrosion testing [58] provides the strongest technique for evaluating the
effects of irradiation on the corrosion re,.:ponse of the stainless steel to the moderator
er_vironment. Analytic predictions or measm'ements 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
i'Tadiation 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-
pr_uced defect complex microstructure of R-tank sidewall (reproduced from reference [57]).

The complexes are postulated to be predominantly interstitial clusters having a non-specific
,g_'ornetricconfiguration with most-probable size of 2 nm and total cluster volume density of 1017

_.rn _ A small percentage (< 5%) of Stacking Fault Tetrahedra, triangular loops, and circular
!ta:_pswere prc._Juced and are identified by "T", "L", and "C", respectively, on the micrograph.
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Figure 8-2: Histogram of the size/volume density of the defect complexes in R-rank sp_,cimen
RA3.
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I)I.SCUSSION

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

Ten _ile C_TLD_:__!t_a

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
UBR data is MEA 2221 [24]. The final MEA data for the IQ and 4M specimens is reported in
_IEA 2465 [44]. The R-Tank data is reported in WSRP-005 [121. The Thermal Shield data is
reported in DP-534 [10].

C h_arpyV-n0tch (CYNh Da_

As-irradiated CVN specimen test data was produced from specimens irradiated in the UBR, and
HFIR IQ & 4M irradiation programs. The original source of the UBR data is MEA 2221 [241.
The final MEA data for the 1Q and 4M specimens is reported in MEA 2465 [44].

Compact Tension (Q"_

As-irradiated CT specimen test data was produced from specimens irradiated in the HFIR 1Q &
.1M 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 [111.
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TIIERMAL SHIELD TENSILE DATA (25°C TEST)

APP_NDIX

.__._CKANIC_ p_OpFJ_TIKS OR IKRADIATKD WEIDS IN _TA/NLg.S3 _I"K_[L

Total

E_I_olkU'm, Ultimate Yield StrenE_n •t Elong&_ion to [l&sti_ H&rch'leU_p _o_Kwell "A"

_peei,_n bgcltlon _It nv_ _tren_h, P_l O.2_ _tt:et_ _sl _ _ Prel:'_sd.i_Ion Pomtivrlcii_lon

w_i_, ..=_1 tuctlnai 3 _ 15,7OO 57,7 gO _l 2_, IXlO 6

2,5x lO_° _O),200 97,500 _'_ 25.7x10" 5_ _
',OxlOa° :33,_00 _7,790 26 2_,_xlO _ _7 66

'.DxlOa* _56,100 _01,300 L5 2'_,7x10 _ _0 z_
:.2xlo_ _ 1_2,)o0 96,600 :_ r_,6xlO* _9 _6

•,i_, ::_naveree _ _2,500 _5,oo0 _6 26,9x_0 _ ....
3 56,_o0 _,IO0 _0 26,4xi0" ....

O @},WOO .6,000 _2 26,WxlQ _ .....

3 96,300 _2,_00 53 27,0xi0" .....

0 _5,800 _,_O0 5_ _7,7X106 ....

3 56,200 _7,o00 50 25,_xlO* .....
0 _6,100 _9,100 _w 2_,0xi0 _

2,7x10_e _01,900 57,300 }9 ,_.gxlo* _! 59
_,O_iO #e i02,_00 92,500 25 2_.9x10 _ 52 _0

;.ixiOa_ 105,300 9",800 31 _7,9xI0 _ ,7 _

i.2a-/O_ IOT,20O 96,600 33 28.8xi0" 51 _2

_._t-_tte_ted :one, O 8_,700 )8,000 62 29,2xI0 _ ....

;_n_t:_cL1.r_k_ 0 %_,I00 _9,200 65 _?.6xI0 e ....

8_,000 :_9,800 6_ Zt,SxlO* ....
0 8_,500 _,200 55 _6,_xI0 e ....

_,_xlC _° :00,700 85,100 _2 28,8xi0 # :_ ..
:,:xi_a_ _05,500 9),dO0 _9 _E,_x_O _ _: i_

_e_t-a/_ected Zone, _ 8},800 36,200 5_ 30.2x10 e
_.,.,.. o _,ooo _,_oo _, _ ,o,_o" :: ::

O _,?CO ._9,300 51 z?,gx_o* .....

0 3_,O00 _l,wO0 51 }O,R_:I5e ....
8_,I00 _I,_00 5_ 2_.3_10 _ ..

_,9x.lOae IOO,WO0 82,900 _I _.6xlO* 52 60

i'l_t,, :on_tudlnal 0 83,500 )2,800 55 _:7,3xI0" ....
0 83,_00 3_,IO0 55 2o,_xiO* .....

o 83,600 35,300 65 28,5xIO" ..

2.9_lOae 98,900 79,800 36 26,2_i0" _o _:_
.5.0x/O_'° 99,_00 SO,600 U2 28,1x10" _6 61

1,2xlO_Z IOq,200 92,700 _6 _8,1x10" 52 65
l,?-mlO_ I04,_00 91,500 -2 25,1xI0" ,7 62

Pia_e, :_r_veroe 0 @2,700 3),000 52 &6._xlO* ....

O B_,IO0 _,900 6_ 2o._xlO* ....

3 _),lO0 .. _2 ....
o _,_oo _,_oo _ _x_o" .. ._
O S_,700 _,_00 65 2_.6xI0" ....

_,9 _O_e 99,800 _),900 _2 2_.5xI0 _ _0 _I

) ,O_lOae _9,_00 _ ),700 }9 29,9xi0" _3 b_

I.R-_/O_& I0_,900 90,900 -2 ¢_7,5X106 50 62

1,2x/Oa_ 104,600 91,200 15 )O._xlO e 50 65

Ai - 3
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UBR TENSILE DATA (STRENGTHS) (25 AND 125°C TEST)

Table 0,3 F_ece_rad_ation , Tenmlle PropertleM L_termtnJttonl (Weld I'_ta| Speet_n_)
, .- i....-.'r /

, ,' /

' ' /' SpecINn Yield Screnj_ aIn 8 (Irlenl:acton TeilC i emF+ / Ten, lie Siren&rh
No. '1_ I r Iq¢.

(HP1) (kll) (|nrr,,Z) b (HPa) (kel) (incr.,Z)

5 x= t + I 25 5W23 586 85.0 722 104. ?
5W25 598 86.1 117 IO4.O
(AvaJ (59Z) (85°8) 53.7 (72U) (10_+._+) 1b.7

125 5W24" 390 56.6 450 bS.Z

_i+t 25 6_50 57Y 84.0 71B I04.1
b_Si 576 83,6 119 104.3

(AvE_ (578) (83.8) 52.9 (718) (L04.2) 14.8
125 6W52 380 55.| _41 b).9

7 _FL 25 TW; 646 93.7 739 1o7.2
7W8 638 92.6 731 IO6.2
(Avli) (642) (93.1) 53.3 c (736) (I06.1) 11.9

i 25 75i9 401 58,2 4 30 52,4

_tL 25 8W8 641 g3.O 73Z 106.Z
8M9 651 95,0 751 109.0
(&vi) (646) (94.0) 77.3 (742) (107.6) 19,4

125 8Wf 628 62.I _68 57.9

I 0,2I O|tlet, otitie ceite
: Incroese over unirradiaCed condition averige

Referenced to unlrradleted rln| no. 5 +_lld projN=rtte= (CN_)
I Spac't_n broke outalde of extenaolmter giga [en|in o[ 13,4

A1 -4
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UBR TENSILE DATA (DUCTILITIES) (25 AND 125°C TEST)

Table 0._, Pont l'e_t Hea_urements al Tenaite t)uctlllty (URR-B0 [rrddtated Specl.,enn)

lt I nii Or I ant at I ol_ Speet aen Te,=p. Reduet I on El animal 1on F'ract ure
No. N_,. (aC) In &rea (t) (X In O.8U Inch) Appearance

5 /txl al 5W23 25 73.5 /'6. ob Cup Cone
5W25 25 6b,8 ]7.Oc Slant Fracr ure(^rs) (25) (70.2)

(l,l.5_
5W24 125 69.7 79 3 Cup Cone

6 /utl i I 61450 25 62.2 45o0 b Slant Fracture

6W5 [ 25 40.7 36.0c 2- Pronl(
(kvs) (25) ( 5L °5) (40.5)a

6W52 L25 75,,5 42,6 Cup Cone

2 CHFL 7W7 25 29.4 12.0 b Slant Fraclure
7t_8 25 6,2.2 38.5 c SLant Fracture
(kVi) (25) (45.8) (25.3)
7M9 125 60.9 36, t_e Slant Fracture

8 CHgl. 8W8 25 bi,6 42,3 c Slant Fracture
81d9 25 57,7 35.8 c Slant Fracture
(,vi) (tS) (59.7) (39.1)
BW/ 125 5707 27.6e Slant Fracture

• SI)cola, an fractured oute_de of 0.800 inch iale Lea|Lh (outl_de lime mirka)
b Speetmeo lricrurad at Silo lurk.
e Spocltwn t racturad at mid-liege |antlth.
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HFIR IQ TENSILE DATA (STRENGTttS) (125°C TEST)

Table 6 Tensile S_cengch Pcoper_ies of Stainless S_eel
Place F50 Before auctA_er _cradlacio_

Specime= Test Yield $=reng=h Temsile S=reng:h Applicableto CT

Number Temp $pec. No.

('c) (_Pa) (kst) (MPa) (ksi)

ONXRR/d_IAZED CONDITION

F50-115 24 288 41.74 619 ........

FS0-117 24 253 36.74 612 88.75

F50-ll3 125 208 30.11 480 69.62 F50-76,77

F50-101 125 193 28.01 475 68.82 F50-76,77

F50-86 _25 190 27.59 475 68.95 F50-76,77

F50-I08 125 205 Z9.68 470 68.13 F50-76,77

IEIIADEETKD, _ AS_LT lq

FSO-I 125 462 67.05 563 81.70 F50-12

F50-6 125 /_45 64.46 527 76.44 F50-19

F50-8 125 435 63.14 513 74.34 F50-8,13

F50-9 125 471 68.26 570 8Z.68 FSO-II, 18

F50-12 125 448 64.94 559 81.01 F50-17

Al -6
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HFIR 4M TENSILE DATA (STRENGTHS) (125°C TEST)

Table 7 $_reng_h Changes Observed for Pipe King Ma_erials Irradiated
in HFIR Assembly 4M

Determine=ion Pipe Ring Lacerlal Code

IBB 4BB 5BA 3KA

(Axial )a (CMYL) (CMFL) (Axial)

Pos_irradia_ion (Tes_ l) 71.2 76.7 72.2 81.2
Yield $_reng_h (Test 2) 74.6

Prelrradla_ion (Range) 30 28 28 43
Yield S_reng_h "3"_ 3-_ 3-_

Eleva_ion due (ksl) 42 45 40 37

to Irradiation (%) 135 141 125 86

Pos_irradia_ion (Test 1) 84.4 88.8 83.9 88.6
Tensile S_reng_h (Test 2) 85.6

Preirradla_ion (Range) 72 72 72 74

Tensile S_reng_h 7--_ 7"i- 7--_

Eleva_ion due to (ksi) 12 [6 II [5
Irradiation (%) 14 18 [3 17

Al- 7
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itFIR IQ & 4M TENSILE DATA (DUCTILITIES) (125aC TEST)

Table _ Postirradiation Tensile Ductility
of HFIR Assembly IQ and 4M Speclmens a

Assembly Specimen Reduc=ion Elongation Fracture

No. of Area (%) in 20.3 mm (%) Appearance

HFIR IQ FSO-I 73.5 36.6 Cup/cone
F50-6 66.2 b

33"0b Prongs/slant fracture
F50-8 40.7 19.8 c Cup/cone

F50-9 72.4 41.0 Prongs
F50-12 51.0 37.8c Slant fracture

HFIR IM IBBHI 64.6 62.2c Slant fracture

IBBH4 72.4 _3.0 Slant fracture

4BBH2 71.4 42.4 Prongs

5BAK5 75.5 32.0 d Cup/cone3KAI.[8 _ d _

a 5.08-mm (0.200-in.) gage diameter specimens tested at 125'C

b Measurements questioned (Specimen halves failed to mate readily)

c Elon_a_ion in 13.4-mm referenced by ex_ensometer knife edge marks (20.3-mmreference marks lost)

d Specimen fractured at; gage marks.

A1 - 8
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R-TANK TENSILE DATA (25 AND 125°C TEST)

T&bla 6-I

_qub-sise$pecineu Teasil_ Propertles of ks-_ecieved Ms_mriLl

_.c.t..o_,,++.io,,sp._. No. T,,,.+..."JP,,,.p.'.P_ u"m-k._.___t_ u,,+,..__.__UTo._.t.U ___. P_,,,_'+__.!._/s.L+..*_
304 $8 Pl_te AIO 75 0 92.2 47.2 65.5 84.8 82.5 0.01

knnsaled, k13 1000 0 89.3 26.9 39.8 49.7 76.7 0.002
l,_Lrr_d ILted Ali 1200 0 43.9 16.8 25.0 57.7 68.4 0,002

Al2 1500 0 17.2 12.2 8.5 95.7 75.3 0.002
A4 1500 0 18.2 16.8 4.4 102.9 0.002
A15 1800 0 6.0 6.0 72.8 62.1 0.002

l-TsJ_k; L4_
I1) 3Alc 75 33.5 106.9 83.2 50.4 62.5 77.5 0.01

Midvall 3L25 75 33.7 106.4 78.8 53.3 64.2 58.4 0.01
OD 33L3c 75 33.9 97.7 62.5 40.2 52,2 78.0 0.01
OD 3k3a 1900 33.9 31.4 19.9 28.0 17.9 0.002
OD 3A3b 1500 33.9 12.2 10.3 8.5 12.7 4.0 0.002

I-Tluflt; 11)3
lD 30 1000 18.6 55.7 42.4 99.9 39.5 59.4 0.002
I]) 3A 1_00 18.6 43.0 20.7 22.3 32,8 0.002
XI) 40 1200 18.6 ' 35.8 23.7 13.6 14.3 0 0.002
I]) 4J 1500 18+6 17.1 9.6 4.9 5.3 0 0.002
lD ,tA 1800 18.6 4.3 3.0 3.2 0 0,002

Mi_l 45 267 12.5 87.8 87.3 25.5 30,0 86.2 0.01
MAdwM,1 4_ 257 12.5 94.9 68.1 44,8 64,0 73.0 0.01
MAdwslI 35 1500 12.5 19.5 15.2 4.9 5.4 0 0.002

OD 51 75 5.9 107.9 76,2 35.5 45.2 57.0 0.01
OD 31, 257 5.9 88.3 59.6 31.9 43.4 65.8 O, (X)2
OD 31 1200 5.9 39.4 22.7 17.9 19+2 9.0 0.002
OD 3C 1500 5.9 18.7 15.9 4.2 5.0 0 0.002

I Teu_:; IU]3
ID I_5 75 12.0 103.5 71.2 32.4 43.,I 57.5 0.01
OD 11'3 75 3.9,5 106.8 76.8 32.9 46.0 75.8 O. OI
OD 1[_ 1500 3.25 18.9 16.4 5.7 7.I 17.5 0.002

Al- 9 :_



,I.D, Spencer WSRC-TR.91.1 1IZ x.mn _ _iREL__

UBR CVN DATA (25 AND 125°C TEST)
mr --_ ' ,,,

":emp ,:L_.ng Test Speci_n EnarEy kbaorption La_aral Expanse.on.'4o. Ori ent:a_:ion No.

('z) (J) (_-lb) (am) (_ils)

MET&L

25 3 Axial 3BA43 114 8a+ I.854 73
3BAX,4 l 11 8:Z 1.8 29 72
38A_5 114 84 I.397 55

CI_L a 3BAl 9 90 66 1.270 50
3BA20 83 61 _.194 _+7
38A21 84 62 1.21 52

125 3 Axial. 38A46 126 93 2.235 88
3BA47 130 96 L.930 76
3BA48 122 90 I.930 76

CMFL 38A16 I00 74 1.778 70
38A17 99 73 1. 803 71
39Al8 100 76 1.702 67

IIELD I'IITkL

25 i Axial IW2 87 64 1.422 56
IW3 83 61 1.651 65
IW4 84 62 I.499 59
IW6* 92 68 1.549 6L

2 Axial 2W133 79 58 0.838 33
2WI35 73 54 0.914 36

3 Axial 3W26 87 _ l. 422 56
31,/27 84 62 I.473 58
3W28 92 68 1.569 61

4 Axial 4Wf3 79 58 0.914 36
4W14 76 36 0.868 34
4W15 79 58 0.991 39

5 AXial 5WI 84 62 0.889 35
5W2 79 38 1.067 42
5W3 92 68 L. L43 x+5

b A_lal 6Wf 100 74 1.829 72
6W2 93 70 I.600 63
6W3 90 66 1.397 55

8 Axe41 8W4 92 68 1.092 43
8W5 92 6a I.194 47
8W6 92 68 l. 143 45

A1- 10
_



I,D, Spencer WSRC.TR.91.1 1
December_..l&2i_..._ Task # 89-023.C.1

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

Temp _,lag Test Specimen Energy Abaorpr.lon Lar.lr&l Expansion_o. 0rien_a_ion ._o.

E1.o _lro_

25 1 &Xitil 1Wl 122 90 2. 261 89
lW5 136 tOO 2.362 93

2 ,*_X_al 2Wt34 99 73 t.448 57

8 _ 8Wl 104 77 1.660 63
CMFL 8w2 tO3 76 1.549 61

8W3 tll 82 _,803 71

25 1 Axial 1RA2I 121 89 I .448 57
1RA22 122 90 1.600 63
IKA23 t27 94 I .626 64

L_16 141 tO_ 1.905 75
IH1t7 144 106 1.905 75
l_t8 138 t01 _.651 65

2 Axlal 2FIAi52 L06 78 t.397 55
2HA153 106 78 1.600 63
2_L_lk154 104 77 1.676 66

2HB158 83 6i 1.219 48
2FLmL59 79 58 1.2!9 48
21111160 83 61 1.245 49

3 &xlal 3_I 106 78 1.549 61
3_4 100 74 1.468 57
3RA35 i04 77 t•575 62

3KA_ 71 52 1.092 43
3RA5 75 55 1.092 _3
3R&8 75 55 1.092 43

.frj.al 41HAl9 tOO 7& I.397 55
41'IA20 100 74 1.499 59
41iA21 106 78 1.448 57

4_31 t19 85 1.499 59
41'11132 Ii9 88 1.448 57
4 K1133 114 84 1.572 62

A1- 11
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,I.D, Spencer WSRC.TR.91.11
Task  8023-C_ t

[_!BR CVN DATA (25 ,AND 125°C TEST) (CONT'D)

Temp Ring Tem= Specln,en Energy kbaorp_ion Lateral Expansion
Xo, Orlen_a_.on No.

(°C) (J) (f=-ib) (mm) (mils)

SP_CIMEMS

._ ,k.xia1 SH.AT 84 62 l,. 245 _9
5R._ 8.5 63 I .270 50
5I-IA9 90 66 1.219 _8

5HBI3 103 76 1.473 58
5_1B14 1.02 7.5 l,. 346 53
51_15 98 72 1.524 60

6 Axial 61_7 i _3 83 I. 524 60
6RAg 121 89 _.575 62
6RA9 125 92 I.,676 66

6HBI3 _t9 88 _. 524 60
6HBt4 _L5 85 _.626 64
6_Sl, 5 114 86 I.422 56

125 3 ,_i.al 38_33 117 86 I .803 71
3RA36 121 89 1.905 75
3Rk37 119 88 1.626 64

CHFL 3FIA6 84 62 1,.448 57
3_Uil 87 64 _.397 55
3RA9 87 64 1.473 58

Al - 12
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,I.D_ Spencer WSRC.TR.91,-II
Dec e mb ,_r .......19 91_ _ . Task #_ 8__

[?BR -- I 25AC_N DATA ( AND 125°C TEST)

TabLi 1_.2 Ita,dtittoa-iaduced Chanlte_ ta hverSllS Cv Enlrly Abuorptton oi Hztmtialt

ltin I Ilase HetsL _retrrldtst _on ..Po,st | t rldlt Jt i o,n ................. .1_£c.re _a._ ...............
No. (Stde)

(j)m tit-lt)) (J)_ (It-Lh) (t, J) Ca tt,-kb) (_)

t.1_ Nrf_ (2,_'c)

l LSA L13.3 t_l b),ti bl _g,.9 41,1

2 - 130 95.7 15 56.0 54 ]9,7 _t.5

) - 152 II2,] 8B 64.1 b4 4l.b _Z._,
!

4, _)l t00,7 98 57,) _ _,].4 _).I

5 - 1_9 LL7,) 85 b2.7 74 $4,b t_b.b

b 18_ L)6,7 9_i 7U.O _'O Ob,l _d.8

Nrl'&l, (t2_.*C)

i - 241 171.7 t25 0$.0 II2 82,7 _.,5

2 - l_& 116.7 9g 7).0 59 t_].7 ]7.5

IlrtJJ6 (25°C)

) ^ 207 |_3.0 113 831. _J 94 69.7 _'_,b

)b X t6O itS,0 8_ l:),O 75 _5,U _6,b

ml',t,L (|2_'C)

J A 300 22L.3 L26 93,U 1?_ 128, ] 58.0

)b A 154 t_._ lt_O 11.7 _4 ]9._ )5.1

Al - 13



.l.I). Spencer WSRC-TR-91-11
k)_cember ......t99_1 .'[ask # i_9,Q_=-_

L.BR -_C:VN DATA {25 AND 125°(? TEST) (CON'T'D)

_'=bie 0.2. It_dlatton-Lndtaced Chenllet In Avurllile Cv EnerlilX Abuorptlon ol HaterllL= (cont°d)

Pttnlt Dane _4etal Pr¢!rratllatto_ Po ettr_adlstton ............ Ile,.E.re4ae .................
No. ( S l,du ) it

(j)a (|t-Lb) CJ) (tr-Lh) (& J) (6 it-rb) (I)

_g (Z5%)

I _ 225 lh6.0 |23 9t .0 102 _5.o 45._
1 B _46 18|._ 141 104.0 105 11.5 42.1

Z 8 145 101.] 81 50.0 64 41. J 44. i

_ tql 142.0 tO3 1_.3 89 b5.7 _6.]b /_ It34 tO0.O 73 54.0 62 46.0 _6,0

4 X 165 122.0 102 7_,1 bl 45.7 3,8.1
t | 206 i_1,,7 118 86.1 H 4_5.0 42.9

5 A 149 i1_1.1 Ob 1_1,1 52 46.U t_i._
5 II 159 117.0 1OI 14.3 _ t2.7 36,_

15 X 11_8 I)0.7 119 68.0 69 50,7 _.b
6 lt 201 148.0 116 8_.7 dis 62.3 42. t

li_ (lZf)'C)

]b _, 22b Ib/,O tlg fl1.7 _07 19.3 41.5_t 139 102.$ 116 63.'1 53 39,2 38.2

a AJ.f,-t or tent st t_n *,_rttet= noted

b C_FL, or tent mt to.o

AI- 14



J.D, Spencer WSRC.rR,9I.II
D_cember I_.ZL__ I.._k__t_ 89,023-__-i

HFIR 1Q CVN DATA _125°C TEST)

Table 2 Chargy V-Notch Tntr Rosul.es for Place Code FSO
(HFIR Assembly IQ; 125°C Test:s)

_;pecimen No. OrienCaclona En.e.r_!KYAbsorpt__.i_onb Lateral ExE.,!nston

(J) (ft-lh) (mm) (mils)

!3 LT 117 85 2. 261 89

14 LT 107 79 i.702 67

19 LT i18 8'7 2.032 80

23 LT i08 80 2.057 81

_ AS%,_ orlen_a_ion LT (longitudinal).

l> Prelrradia_ion range' 220-2_7 J (162-182 ft-lb)

Table . Charpy V-Notch Test ReeulCa for Place Code F50

<Unirradlar_ed Condition Plate Section No. 2; 125CC Tests)

_pecimen No. Energy Absorption Lateral Exa__D__o___qn

(J) (f_-].b) (mm) (mils)

_8 220 162 2.210 87

90 247 182 2. i0_ 83

_3 244 180 2.210 87

92* 199 147 2.032 80

* 24°S test temperature

AI - 15



J.D. _pencer WSRC-TR-91.11
__r___12__L_ ....... T ask _¢ 89- 023 rC, 1,

HFIR 4M CVN DATA (125°( .̀ TEST)

_'.,ie _ haIpy q-Not_h 1"est Results tor Fipxr_g MauerZals (HFIR Assembly 4M. 125'_C [ests_

::;?ecl._:,en No Ortentation En_L_.Ab.so_.Lp_/!.9_ Lateral Expansion Estimated P.r'etrr_dt.ation
Enar'gy Absorption Range

(J) _ft-lb_ _) (mils) (d) tf_-ib_

,£_.19 CMFl.a 87 64 1.397 55 225 166

'BBH5 Axial 134 99 2 007 79 340 251

__t%H1 Axtai [02 75 1 .397 55 1..887 rain 138
233 aax 172

.'_it_ _ Ax lal. 110 6_ 1600 63 331 245

_:,_q_1 ,_xtaI 114 84 I 727 68 298 220

..

a 'irc_mferenclal, ASTM C-L orlenta_ion.

A1- 16



I.D. Spencer WSRC-TR-91-11

HFIR I Q CT DAFA I125_C TEST)

' _b_.e _, _,'X $tadr_lOIo 9teek Plato F.%dOllorNtloa J k_._ly_lo (O.)ql4T'-£T, 10 lt _lj_ I_$'C)

51_1w, _S.'r_ x ]9_ ("*)l 'do ._np._u, .lte tie Tel Ylo_ .) - I.B't I il.l b I.npI_oN Caq/ftti,
_kwa_t .__.at it t_Tt St I_O0 _ll|ll|ty II ¢

L.Aw i._ la_w

_ou) ',m) ( ka,qn2_ tLJ[_ l ) _,_,t'm/_o) _(aPo 4_) ',l'(r8} (kJ/- 7") (_J/au z)

I_IJAILOiad'lm t.tlHOI'll ii@

f'5(_-;_ L T 0._3q _.b4 -,0.t_ 4_8.0 _)$.$ 292.6 _95._1 lO0 121 1]6,_d () 711,I) IV 0,_ AMI._

9'_-; I LT 9._29 ._._1 --.O._@ 491.0 4]$.Z 196.0 Z95,| 14fl 141 _l@,l () I|4,1) L¥ O, _lSOd_ Iu/6,0

_%O--0 t._" 0,_54 _.0@ -'0. _9 I_LI _.%O,$ 220,6 lli.O ltgO _ _1:1.9 l@),l 1¥ 0,1511 )l_,l

FSff-ll L-T 0,5A6 $,$d_ --0,t3 lbi,l 2Mt,I 1)O,8 1)!,0 O$ 01t _i6,6 I_,1 11 O, 19_1 l$11,i

t'50-.13 t.-r 0. $_bl 5,59t "O,92 114,6 218,6 13d_,l 235,1 Ii4 III q 411,91 4111,O _¥ O,)_db| 371,@

r_-tl t-r 0._l_ $.31 -i.$1 ]lt.z _o1,1 1_t,_ z_i,_ I_ tG5 _o3,_ _,i il 0,3;li 9_,I

t__ff- iii t-T O, _141 9,_1 -I ,@l llgl.O _.l_b,O 2lli, t l_O,I 10_ 105 $20,3 $)O,1 IV 0,1111 _9_1

i_O_ 11 L*T 0.$3i _.@0 -O,19 Z_I,I 11_1,t :_24,l 2711,91 _191 114 t_19,/ _,t LI 0o4 110 _91,t

3
5_ec:;.mer_ -!,_.si::;na_z_n: ,?Lrc_xml_eronr. xal '_ LC; Ax_a_ = CL

1','---.,4'7'_i,_,va_._.' (._pec_men t.hi.cknes_ _nsuf_ic_.ent)

Al. 17



,i.D. Spencer WSRC-]'R-91+II

HFIR 451 CT DATA (125°C TEST)

5_l+e j_ C',7_ _(J+ 5La+r, iixs $tlmt l_Itut-m, at:x+n J Kt-,alvt_+ _0 )9.,T ¢_ _:r01 SG _2_+C)

. '-' , _ =-+lp ,_, _ Kjc "_Iv+ Irtw J " 11 +t £ iii b L+<por.m¢ ,_,,tftct+
_+lll_,_t,i . , +-i.,+.._t , _rr+ _It Jill "'I LIdt t_ N C

t+w _u

_l.1411"_I L&+

..'_ + , , S)+ _ _,+ ,.) F_a 327 + 327 5 2S6 0 2560 122 125 _ I ++9 + Iv ',) ++lo ._0.6
:M_-_ . . , ':19 s .,_ [ <_._ 2¢,8 2 2_,'1 0 2?2.9 222.3 1311 1++1 _,+_.l _87.2 I+4 0 52_ ,12.3
:_.1_,1_, _ " 2 _l: _ _)7 -0 79 33-++ ++ 3_,1, I 2_lt 7 261.2 120 Ill Y_.l 660.1 tV 0 _+_t cd_.l
+&lll_.tO "19 _ 31 -_ Ol 19_ 0 !92 B 197 0 196._, 5] 55 570.6 13_.9 I'V 0 )0%9 2T_.2

'.lkCM+' L 52++ 5 19 -0 90 1.35 + 113 2 16++.1 150 5 +6 tO+ 511,3 352,3 l_,l 0 _a,T _52,2

..JH 2 '.12 _ _? .0 _+8 1_,0 7 _35 8 lbl 11 lb.<+ 9 7+1 80 599 _ 355 0 V 0 _¢+_<F 27'0 l

:._

_r_l,l._, i+ +) 527 S 6+ 0 71 156 6 ',+_),t 1,77.0 173,3 7+ l_l SI$,L +3+,6 V 0 _+S._) 271 +

"_i,',.'_ _ I 0 5111 6 +0 .0 99 7T 8 +8 ) 12++,T 132+9 li 7 505.1 96.0 Iv 3 l_iO0 99 I.
"t+ r 1' -- L :) 514 5 _tO 0 _3 72 11 ?? 2 +.20+t _2&.) 25 2++ _85,1 117.8 v 0 3162 1.18 ,

1
'_e: _rr_er, Je+_t.lr_at_:,>n: Circ_mferentlal _, LC; Axial ,, CL

i'd _ ,%_'T?-_ _/_'/alll (speclmen £h_ckness _nsuff_cient)

A1 - 18



i.D. Spencer WSRC.TR.91-11

R-TANK CT DATA (25 .AND 125°C TEST!

Table A-1. Jq Values for Crack Initiatio,z

t7813 R-Curve Limits Reltaed &-Curve Liaits

Side Test JDe! JDef JMod J¼od J¼od J_od

Sime Groove Te�_p._ Linear Fit Power Law Linear Fit Po_er Law Li_heartPo_er I,_w

_t37 _ No 25"0 157a ° 2094 :560' 2163 1778 2165

RA38 8T No 25"0 1501' 2090 1658 2151 1834 2104

lLD37 8T No 125"0 - - 1730 1046

RD39 ST No 125'0 1371 1730 1011 1767 1582 1801

RO314 iT Yes 125'0 828 1153 481 1107 1109 1282i
21)313 4T Yes 125"0 805 1091 884 1126 858 1120

ILD315" 4T Yea 125'0 ......

88I_81" 4T Yea 125"0 - - -

*Weetm K,q_lValidity {equiremente

Al- 19



i.D. Spencer WSRC.TR.91-11
12_.c.___ Task _ 89:_,,2-_C_

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

Test JQ Tear ing
_amEi.e Size Tempe ratuve (in.-ib. /in. 2) Modulus

RA37 8T 25°C 1780 120

_A38 8T 25 °C 1830 130

?,D37 ST 125°C 1730 120

RD39 8T 125°C 1560 130

RD314 4T 12.5°C ill0 80

RD313 4T 125°C 860 11.0

RD315* /_T 125°C -2500 120

RD320 aT 816°C Nii Nil

__BB5! AT 125°C -3000 -

* Annealed 15 rains, at 816°C

** Unirradiated sample from R--R.eacr.ormoderator piping

.41'samples are sidegrooved 20%

RA sa_aples - 7 x 1020 n/cm 2 fast neutron fluence, 3_ appm He

RD samples - i x 10 20 n/cre2 fast neutron fluence, 12 appm He

7Q - Crack initiation fracture toughnesa with relaxed R-curve limits

A1 - 20



,i,l), Spencel" WSRC.TR.91.11

APPENDIX 2

, ,1L.CHANICAL *I'EST I)ATA DI(]ITIZED PLOTS

A2- 1



.1.l). Spencer _,VSRC-I'R-91-11
l.L_t__m_b_h_.r......t'2.'_ __!"a,s._K__.a_.l

I} l.q (.7I,,_S I()N

!!_L' :t}]l ,_eci_anical test response from the RMP irradiated specimen testing and the R-Tank
i :.::]:,_Ic,tnd (iT{}n'Ip&_ct'I'ension specimen testing &ueretai_led in the RMP Task Files (SRL-NRTSC
l,_,k _':__}23-1 _. Several of these mechanical response sets have been reproduced as discussed
' "C!O',V:

[_::!:!:;_1e [?:_.t_a

I'!_e twll di_tized _n_e stress-strain cur_,'es from the HFIR 4M capsule specimens are fit to a
i.,:,_n_ix'rg-(),_go<x.ttonnat to provide the Ramberg-Osgood parameters tor calculations of J-
:;,i'iied ¢>;ceSection 6). The Ramberg-Osg(×_d for:nat of the True stress-strata curve is given by:

¢' _3 (3"' u

_,]= _7 + c_i--I(3",,,t

,_hc:e c:v is the vmld strength and ey = t:_y/E where E = 28 x 106 psi.

L-_:_:t_Itact"Fension Data

Ihe Jdetormatio,..R curves from the R-"f':mk (0.4'-[" planforrn specmx_,as) and HFIR 4M CT are
pioued. The J--R curve power law para_neters ':andJ.-T curve equations are also provided on the
:e,,D.'.c_ive figures for the 4M specimens. The J-R curves from the corresponding unirradiated
,,pec_mens tref. 35) are also shown together with the 4M curves.

.",ore that the calculation of JIC (JQ) from the J-R curves for the R-tank specimens did not use the
,._._t::between the (). 15 and 1.5 mm exclusion lines that did not fit the criteria specified for in-
i:i:u:c diinensions for J-integrM analysis [1 I].

I'!_e .I-F cup,,e from specimen 7HA5 (HAZ component, C-L orientation, and 125°C test
_'_nperaturei is the "Lower Bound" fracture toughness from the as-irradiated database. The J-T
,, :__r,et'r'otn the specimen 2W2 is ascribed as the "Nominal" fracture toughness from the as-
_::adiated t:atabase (see Figure 6-1).

A2- 2



,I.D, _pencer WSRC-TR.91.11
_2¢m_,!_991 Task__¢__89-023-_..-_1,

I"RUE STRESS-STRAIN WITH RAMBERG-OSGOOD FORMAT FOR
CATEGORY: tlAZ; L-C; 125°C TEST

IRRADIATED HAZ, L-C, 125°C TEST

20........ ..r.-----r-.------- ..... i i
I

.a.__ =*real
.......... i mmnul: a"_a

L,._ Irl I

_0 _ t_ 3HAS(I.SE21_cm^2, E>0,1MeV) _.._m

,_-1 i

t ,

20 ........................

L..... [ l ' '0 ........ _ ..... _........ L
I)LX) 005 0.10 O.15 0.20

True Strain

True stress/strain results from specimen 3HA8. "['heyield strength is 81.2 ksi.

IRRADIATED HAZ, L-C, 125°C TEST

2.o /

1.8

1,6 tl _
_. i_ _1

•_, 1,41.2 ,l_l °Iltim r_
_ _ gte./ey - stsy) : 0,74194 . 10,7931og(s/sy)

..jr
"_ 1.0

0,8 -
d m 3HA8

0.6 m

m
0.4

0.2

0.0 _:-T- -i ,- t • t _ t - _'-_. _ ' • ....._ •

0.0,0 0,02 0,04 0,06 0.08 0.10 0,12 0.14 0.16 0.18 0.20

LOG(s/.qy)

R_mberg Osgoc,,dfozTnatof True Stress-Strain curve. The results of a linear least sqnare fit to

the data give the Ramberg Osgood parmneters c_= 5.52 and n = 10.8,

A2- 3



,I,D. ,_pencer WSRC-TR.91.11
)12x_"__Rl_h._r,, 199[ Task ff 89.023-C.1

I'RUE STRESS.STRAIN WITH RAMBERG-OSGOOD FORMAT FOR
CATEGORY: BASE; L-C; 125°C TEST

IRRADIATED BASE, L-C, 125°C TEST

-- • ' "7- ......
• , I t

50 _ ........................• I

40 b-'= i " • IBg4(3.SE21n/cm^2, E>0.1 MeV)
"- i

_1_2_2 !!I_
t) O0 0.05 0 I0 0,15 0.20 0.25 0,30

True Strain

True stress/strain results from specimens IBB 1 and 1BB4. The yield strength for this set is
taken as the average of the yield strengths from 1BB 1 and IBB4 and is 72.9 ksi.

IRRADIATED BASE, L-C, 125°C TEST

2o - _llP ......

/
d

',,8

_ _2

_, logLe/ey - s/sy.)= 1.1710.4,87541og(s/sy)
!0

0,8"_
, Cll IBBlaad IBB4(IBB4islow_datasea)

0.6

0,4=i

0,2

90 _"--=r- _' '=f "_' r _"_ v ""I ="''' 'i _""'_ "_' _ -

0,00 0,02 0,04 0.06 0.08 0.10 0,12 0.14 O.lO 0.18 0.20

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

the data give the Ramberg Osgood parameters ct = 14.8 and n = 4.88.
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i.D. Spencer WSRC.TR-91- |.1
_n,.t_x.E_.±,_.=L__ _.IaaK____I "--.d,

IRL'E STRESS-STRAIN WITlt RAMBERG.OSGOOD FORMAT FOR
CATEGORY: BASE; C-L; 125°C TEST

IRRADIATED BASE, C,L, 125"C TEST

......--T---_-.--_.::,. ----T---1

...... _--;_r.-"-F ........... r.....

_ ..... -L--[• ;BSTS._.3z:t,_¢m_,_,0:tMov_---_

oL.......................] [........1 _ I,,_ :
U,0 0. ! 0.2 ().3

True $trlin

True stress/str'a.in results from specimens 5BA5 and 4BB2, The y_e|d strength for this set is
t_ken as the average of the yield strengths from 5BA5 and 4BB2 and, is 74.5 ksi.

IRRADIATED BASE, C-L,. 12,$_C TEST

20............ ---'7.---O_._'m-'o'"

1.8 Elm m__ w ....

16 alII_ l''du-
w BI

{11 ,,,,,,_ _m

1,2 I mo

a log_e/¢y. :Wsy_" 1.2_7 _.,.l.4598k_g(s/sy)
.Y. z,0

,"c

,.,," (),8 II 5BA,5am_d4BB2(4BB2i3iOW_d_tse_)
d

06

0,4

02 "_

0.00 002 0.04 0.06 0.0_ 0. I0 0,12 0,t4 0,t6 0.18 0.20

LOG(m/my)

Ramberg Osgood format of True Stress-Str,tin curve, The results of a linear least square fit to

the data give the Rarnberg Osgood parameters o: = 16.8 and l:l= 4.46.
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,J,l+), Spencer WSRC.TR-91-11
Jd.g._..e,.ta.._.L_l.2.21--_ Tas!s t_ 89.023.,C:1.

.ldeformation-R CURVE: HFIR ,;_! SPECIMEN 3HA5 I+HAZ, L.C, 125°C)

IRRADIATED ttAZ, L-C, 125'_C TEST

I_(+(_()-

A A a Ao b A 6

-. ':i',_i() tt O0 O 0
e'_ a _A°
<. A 0

"- O I:1

= -+,,,o % ,,,,,+ro,m,<,_
- _ tzt,'1o' m n

, _'_ t_ '_ II
-7 .'-_i>01 _ g m u

/ Ni, • a, 7HA3 (I ln/rradiated,L-C)

-+ !&' t+radJated, I+.-C)m O

I_,_)0 -_11 _ 4HA6I (Untrradiatext, L-C)

4_ * 4FIA64 (Uni.rradJaled,L-C)

i_ NI 31"1lA5(lrrudiated l.SE21n/cm^2, E > 0.1 NIeW)
I) _-''"V-'--"'r-----'V-"--'_"r--'-'-m""'-_--, ----.._.-----

c).(_o _).c)5 o.I0 o, 15 0.20 0,25 0.30

Crack E,xlension ,5.a (in)

l+JcJ-+F c:.tr've <.:,}{:\51equations au'e:

J+r)[m_bI-,in -, - 6849Aa°'4229' with 8a in inches

,ind,

T= _L!_..,LS_
0577t

_.'_

for sf = 8,i.9 ksi, with the limit on Aa of 0+1181 inches corresponding to, J = 2780 in.lb/in2,
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,l.I). Spencer WSRC.TR.91.11

,Ideformation-R CURVE" ItFIR 431 SPECI3IEN 1BB8 (BASE, L (2 1,5 (..)

IRRADIATED BASF',, L.C, 125°C TEST

1)

() (.)0 ().05 (1.10 o. ]5 0.20 (),25 ().3()

Crack Extension Aa (in)

"I);e .I-T c_rs'e (1BBR equations are'

[in-lb'] 0.4310,J D ,-_n_.., = 10590Aa with Aa in inches

'l'- 20.4.8
0.5t_90

:M

(or :_t = 79.0 ksi, with the limit on ka of 0.11.81 inches co_sponding to J = 4220 in-lb/ha2.

A2- 7
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.I.D. Spencer %VSRC.TR.91-11
Dec ejq.12.er 19_1 l'a._k _ 89-023-_C..__I,

Idcl'ornlation,l,l C'URVE: ttFIR 4_I _';PEC'I_IEN IBBI6 (BASE, L-C, 125°C}

IRRADIATED BASE, L.C, 125°C TEST'

• • o

e" A

< n mm
121 n []

'_ °o I_ []

2"a ..,i,c_0 o_ o_,,, []

= ,--,.t_l lm

"7, 3.000 - _
•_. l_ n

_r._ m 1BB,.I0(Unirmdiated, L-C)Dm

_-. o 1BB41(Unirradiated, L-C)20(i)0
:, o 1BB42(Unirradiated,L-C)

]a m 1BBI6 (h-radiated2.6E21 n/cre^2, E >0.1 MeV)
1_)00

() r'_'" ,-' v- - , u: " • ....... ,"_ ...., "' , .... +'_

o.00 (_.()5 0. I.0 o. 15 0.20 0.25 0.30

Crack Extension Aa (in)

The i,-r ,:t:rve i 1B B 16) equations are,:

[ in'lh
Jt) t in2 ] = 10390Aa°'az23 with ka in inches

a nd,

T= 19.69
,,_Tt0,577"_

fc,r >i= 79 0 ksi, with the limit on ,Aaof 0.1181 inches corresponding to J = 4220 in-lb/in2.
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•I.D. _ pe n c e r _,VS R C. lr R. (.)1- 11
I.))!

,ldef{)rn_ation-R CURVE: HFIR 4_1 SPECIMEN 2W2 (WF, LD, L-C, 125°C)

• -1 _-,Oi"( ,IRRADIATED WELD, L-(., 1._ v. FEST

{_{)(i{) "

5000 o o o © IS

<

'._ 0 E)_

4{)00 a t_
0 I;]

, ,. oEI
..., 05
.,,.,,,..

oi%1

3o00 a i
': _ n an_ m

" U

2000 t3o m:,a III

m Umm = 2Wt64 (Unirradiated, L-C)
o 2W132 g.lnisradiated, L-C)

1_}()0
II ") "),..W,. (Irradiated 2.9E21 n/cm^2, E > 0. I MeV)

C)..... - ....... •...... ,r _ _"r'--'-"T'-'-'--'_" _ - 'f I

0,00 0,05 O.10 O.15 0.20 0.25 0,30

Crack Extension Aa (in)

"5 ) ,.,.,)

I}_c J-T curve (..W..) equations _u'e:

D n.-._ib .4979,
JD L in _ ] = 7720Aa° with ,Aa in inches

'ar'_d,

T- 14.93
Aa0.5o2t

for st: = 84,9 ksi, with the limit on Aa of 0, I 181 inches corresponding to J = 2660 tn-tb/in2.
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.l,l), ,gpencer %VSRC-"I'R-9|-II
DX_.__, I!)9L Task # 89-_

,ldeformation-R CURVE: HFIR 4_I SPECIMEN 5BA7 (BASE, C.L, 125°C)

IRRADIATED BASE, C.L, 125°C TEST

5000 -

,'-,I 40()0

,=

•= 3000 ra w

.__ ra n
._ _ I n

ra •.- 2900 n
El ii

r,l _Ii

-._ _i i
m • ra 5BA4I. (Unfi-ra_fiated,C,L)1()()0

13 •
• • 5BA7 (Irradiated 3,2E21 n/cre'2, E > 0.1 MeV)

I
I
/

(),00 0.05 ().tO 0.15 0,20 0.25 0.30

Crack Extension Aa (in)

1-i!c' J-'I" c'.l_'_: (5BAT) equations _e:

[,n-lbl o.48,_7JD ,.--[._- = 6907Aa , with _ in inches

d 11_!,

T- 15,39
0.5153

Aa

!c;r '_r-- 78.()5 ksi, with the limit on Aa of 0,1181 inches corresponding to J = 2450 in-lb/in2.
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J,l). Spencer -,VSRC.TR.91-11
Dece m b e.L.__L9 9 [ Tas____ 89-023- C-__[

,l¢teformation-R CURVE: HFIR 431 SPECIMEN 3HB4 (HAZ, L-C, 125°C)

IRRADIATED HAZ, L,-C, 125°C TEST

(-_)00"!

5i)(_,l) " A o o O
;-,-i '_
< &o

Ao

= 3o0o _ _""
I _, u _ •
l ,Q me III

° tr..-""2O00

_ _ s a 7FtA3(Unirradiated. L-C)
-'_ | _ II 0 7HA4 (Unirradiated, L-C)1

1000 "_gn [] 4HA61 ('Unirradiated,L-C)
• 4HA64 (Unirradiated, L-C)

m 3HB4 (Irradiated 3.4E21 n/cn_2, E >0.1 Mc___V)._.0 -"---'1'-'--

0,00 0,()5 O.10 0.15 0,20 0.25 0.30

Crack Extension ,_a (in)

T?'e J-'-t" CUD;t? (3HB4) equations are:

r in'lbl 6RRgA 4550JD ,.-_n2, = '-"--'-'--'aO , with Aa in inches

,_7:J,

T- 12.16
0.5450

,Xa

for '_t = 84.9 ksi, with the limit on Aa of 0.! 181 inches corresponding to J = 2600 in-lb/in2.

A2 - 11
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,J.D, Spencer %VSR(_-TR+9I-!I
t)_+,cett]l_._.._£___.J_)9L 'Fa_k_ # 89-()23-Lt_.

,Idet'ormation-R CURVE: HFIR 4M SPECIMEN 7HA5 iHAZ, C-L, 125°C)

IRRADIATED tIAZ, C-L, 1.25°C TEST

51 _!)0 -

[] 7HAl2 (Unirradiated,C-L)

4(_00 u 7HA5 (Irradiated 3.6E21 n/cre^2. E > 0.1 MeV)e-.I
<

I
,I

- iX)0()°I

._ t_tn m.'I l_l

=__. 2000 _ m

ra I

too0 _ ml Ii

mm ,lm,, i mm la

0,00 0,05 0.10 0.15 0,20 0.25 0.30

Crack Extension Aa(in)

] I:,.• J-l curve/7HA5) equations are:

[,,,..ib] o.t6oo,J to"-_n-..' = 949Aa with ,,Xam inches

T - 0.5901
_.Xao.84oo

__,r st = 84.9 ksi, with the limit on Aa of0.1181 inches corresponding to J = 674 in-lb/in2.

A2- 12
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,I.D. _pencer WSR(;.TR.91.11

.ldeformation-R CURVE: HFIR 431 SPECIMEN 7tlA7 (IIA, Z, C-L, 125"_C)

IRRADIATED ttAZ, C-L,, 125°C TEST

5OO0 -

[] 7HAl2 (Unirradiated,C.,L)

_._ 4/.1()0 m 7HA7 (Irradiated 3.6E21 n/cre^,_.,E > 0.1 McV_,-4 . •
,¢

i

-. 3(_00
..,,,¢

.-,. mm l_l _'1

--. 2000 ff]a_ a
_,._ Ii1!i1

Oa N
_ ml n

I_)00 _ m

il_a,_ummmm mm-, m m u "

_).00 0,05 0.10 0.15 0.20 (/.25 0.30

Crack Extension Aa (in)

I)_. _J-'F ct:F,,'e (7HA7)equations are:

i-.in.lb -1 = 1880Aa °'31_2, with _ in inches
JPL in z .1

,_nd,

T- 2,309
0,6 838

5a

',()r st = _4.9 ksi, with the limit on Aa of0.1181 inches corresponding to J = 957 in-lb/in2.

A2. 13
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,l.I). Spencer Vv'SR(,.TR.91.11
)_lLt.t_m__)_l 2__ 89-!]23_-£LtJ.

,Ideformation-R CURVE' HFIR 4M SPECIMEN 1BB9 (BASE, I,-C, 125°C1

IRRADIATED BASE, L-C, 125°C TEST

_'_/()0 -

 t,o0 o%%°
-- . Boo°_qb_
< N

'" °O i_l N

I

- o 0 lZl i

',_ _lal m

_ mm _ IBB40 (Unin'adiated, L-C)
2000

O_mmm • IBB41 (Unirradiated,L-C)l,a

._. o 1BB42 (Unirradiated,L-C)

m 1BB9 (Irradiated 3,7E21 n/cre^2 E > 0.1 MeV)

1000 t(.) ---'r--- n ' _ u , m ' " _...... ¢-'----

0.00 0.05 0,10 0,15 C._,0 0.25 0.30

Crack Extension Aa (in)

I'!_,,._ J-T curve (IBB9) equations are:

[-in-lb] = 5255
JD (_n2 1 12880Aa°' , with Aain inches

:xp.d,

T- 30,37
Zka0, ,1745

f_,r _i= 79.0 ksi, with the limit on Aa of 0.1181 inches corresponding to J = 4190 in-lb/in2.

A2 - 14
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.[.1). Spencer \VSRC.TR-91-1ll
geceA!lber_L99[ _l;asR _ 89-()23:C-[

i

,ldeformation-R CURVE" HFIR 4M SPECI31EN 4BBI0 (BASE, C.L, 125:'C)

IRRADIATED BASE, C-L, 125°C TEST

50,00 ]

e-_ 40(kq<

.7 []
"7 m m

---- 30(X) []

= _ nn m
"" U

mm

"_ mm
"_ [] m

t_ 4BB113 (Uni.rradiat_, C-L)
I()(X) i

_a_ m 4BB10(lrradiated3.8E21,E>0.1 MeV)
|

0 -- ' I • _ • '--- ....I ...._-....

0.('X) 0,05 0, L0 0.1.5 0,20 0.25 0,30

Crack Extension Aa (in)

The J-T curve (4BB 10) equations are:
=

J D [in:Lb--].,in2 ., = 4212Aa °'3°59, with __.Vain inches

,t ['_Ct,

T- 5,27
0.6941

&a

t,.,r st = 82.75 ksi, with the limit on Aa of 0.1181 inches corresponding to J = 2190 in-lb/in2.
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,I.D. Spencer WSRC-TR-91-1 1
D_cemtier ..... 1991 .......... Task # 89-023-C-_L

,It.eformation-R CURVE: R.TANK SPECIMEN RD314 (0.4T, BASE, 125°C)

/ / Fast Fluence: IE20 n/cm 2l

_ooo / /

/ ,/
" /ii

,ooo ! / /
-': i / "/
c-' , I/
0 Ct" i.. /I I
,,. _oo ; /#1 / / ¢ O, _'

_s I // I o* o
e, ¢ o*
a-' I d / <>

. o<,<>°/
2oo0 I J o ° , vl_i,,/oi

I I _"
d,..: 61m in-lbll/ltq in ii.tniliPt: , ®

lOi_ /

1
o.oo o,oa 0,04 o.o6 o.os o.to 0.ii o.14 o.is o.ia o.ao

inches
C.ric_ Ext:enlton

ltiilurl /15 - Delonlit, ioll J worlluii el'li_Jt liitenlioli tor ipl¢imn Illali, 0,3t4T I_, lidlllrc_3vtd, 9Ai7
i_, _ _i13 lnllyllit procedures.
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,I.1). Spencer WSRC.TR.91-11
_Egz.__Lg_2.L "Fa_k _ 89-023,C-1.

,Idcformation-R CURVE" R.TANK SPECIMEN RD313 (0.4T, BASE, 125°C)

/ /
. I
/ /
; ; o

'_ooo / / Fast Fluence: lE20 n/cre_e

p _/
! ;
/ /
0 ;

_oo / /

-'_- t d

_ , /// r L

,,,q. O

o /
=--_E / /,1.0, --f Q /

/ j / ':d,_ " Itri ln-lbm/sq tfl It.Znw_'l

tO00

o. oo o,oa o. 04 o,oa o. oi o. 1o o. ta o. 14 o. te o. tem o.

lnchem
Crmck Extenlion

Figure A4 -"D_fornL&ion J remus c.rmuzkextensLon for 8pecimeu KI)313,0.394T CTS, wLdelprooved,257
F, _ _AI3 Ln&lysil procedures.
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