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Environmentally Assisted Cracking in Light Water Reactors

H. M. Chung, O, K. Chopra, W. E. Ruther, T. F. Kassner,
W. F. Michaud, J. Y. Park, J. E. Sanecki, and W. J. Shack

Abstract

This report summarizes work performed by Argonne National Laboratory on fatigue

and environmentally assisted cracking (EAC) in light water reactors (LWRs) during the six
months from October 1992 to March 1993, Fatigue and EAC of piping, pressure vessels,
and core components in LWRs are important concerns as extended reactor lifetimes are

envisaged. Topics that have been investigated include (I) fatigue of low-alloy steel used in
piping, steam generators, and reactor pressure vessels, (2} EAC of cast stainless steels
(SSs), (3) radiation-induced segregation and irradiation-assisted stress C01TOSiOn cracking
of Type 304 SS after accumulation of relatively high fluence, and (4) EAC of low-alloy
steels. Fatigue tests were conducted on medium-sulfur-content AIO6-Gr B piping and
A533-Gr B pressure vessel steels in simulated PWR water and in air. Additional crack

growth data were obtained on fracture-mechanics specimens of cast austenitic SSs in the
as-received and thermally aged conditions arld chromium-nickcl-plated A533-Gr B steel
in simulated boiling-water reactor (BWR) water at 289°C. The data were compared with

predictions based on crack growth correlations for ferritlc steels in oxygenated water and
correlations for wrought austenitic SS in oxygenated water developed at ANL and rates in
air from Section XI of the ASME Code. Microchemical and microstructural changes in

high- and commercial-purity Type 304 SS specimens from control-blade absorber tubes
and a control-blade sheath from operating BWRs were studied by Auger electron

spectroscopy and scanning electron microscopy.
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Executive Summary ........ ...................

Fatigue of Ferrit lc Piping at td Presswe Ve.ssel Ste('ls

Plain carbon steels are used extensively 111f'WR and BWR lmclear steam supply systems

as ptplng and presst)re vessel materials. The steels of Interest for these applications

Include A106-Gr B and A333oGr 6 for seamless pipe and A302o--Gr B, A508-2, and

A533-Gr B plate for pressure vessels, Additional fatigue tests were conducted on medium-

sulfur-content A106 Gr B piping and A533 Gr B pressure vessel steels in simulated PWR

water and In air. The fatigue life oi' A533 Gr B steel In deoxygenated water Is generally

shorter by a factor of 2 than that Ill air. No slglllflcallt effect of tile aqueous ellvlronnlenis
was observed In tests on A106-Gr f3 steel. The effects of load shape and loadlrlg rate will

be further explored In subsequelll testing.

Em_irorlmerltall!t Assisted Crackir_l t?/(,ast Statt_h'ss ,_l_'('ls

Additional crack growth rate (¢:GI,_) tests h;Lve been collducted Oil fracture-mechanics

specimens of CF--8, and CFSM grades o[" cast staillless steel (SS) in as--received and

thermally aged condi_lons to characterize ellvlro_imezltal, loading, slid nlaterlal corldltlons

that can produce susceptibility to stress corrosloll cracking (SCC) 111 these steels. Tile

CGRs Ill high-purity water ctmtallllnR 0.2 slid 5 8 ppul dissolved oxygen were compared

with predictions l'otlnd In Sectioll XI of the ASME code for wrt)_lghi SS In air and with

nlodlfled correlations for wroilgllt SSs isl walt'r. The results lil(llcate that tile air curve Is

frequelltly llonconservatlve, I)ll[ lot tile lll_st I)_lri, tt|e (lai;| are I)ollllded by tile modified

correlations for wrouglll SSs Ill water at 2H9_C. Thernlal aglllg lllcreases tile yield and

t_ltlmate slrell_ths of tilt, steels, and lilt' (_'(;[,_s ill wilier fetid to lllt'lellse with tile sqtlare of

the yield stress of the Illaiertals.

Irradiation-Assisted Stress ('orrosl()tl ( _ruckitlg (t/"l)/pc 30,t SS

Failures of a_lstell[tic SS afl¢'r _iCC_Jnllllath_)ll of tlll4tl llltcll¢'e have been attributed to

radiation llldtlced segreiL/,a[I{)[l (R1S) ¢_r (h'J)lelioll of elUlllelllS sttct| as SI, P, S. NI, slid Cr.

]lowcver, tilt' exact identity of tt!e t'lt'lllt'lllS ll_tl st'glegll[e illl([ tile degree to which RIS

prodtices stls¢'eptlblli{y of tile co1¢ , llllt+l+ll_ll ¢'Ollll_Ollt+ll[S ()l I+WRs {o lrrildialloll assisted

SCC are illlclear. Slow Siliilli lillt' Icllsil¢, (SSI_'I') icsts iilltl _liltll I)olllldary allalyses by

A_lger electron slJectr()s¢'¢)l)y (AES) _v_'_, coil(lilt,led _11 ill_ll _lll(I t,¢Hlllllt'lchll_l)tlrlty (lip

slid CP)Type 304 SS speclnlelis ln)_ lr_al¢ll_lt¢'d ltWl'_ t'Ollll)t)llt'llts, Contral_ to previous

beliefs, susceptlblltly to llllergr_ll|_l;_r stress t,(irl¢)sit)ll ('rll('k[IIg [IGSCC) cotlld !lot be

correlated with RIS of llllp_rllles stu'l_ _ls 51, l', C, (_I"S, but a corrt.latloll was obtained with

grain boulldary Cr COllt'(,l!trHt[tHl, llldt¢'i|[tllt! , tll_tt Cr del)leti¢_ll plays a role. However, grain

bo_lndary COllCelltratlOllS of ('r (IcI¢'r=l=t==¢'¢t lr¢)ll= presellily available field ellllsslon

gllli/SCilllnlllg [rilllSllliSs[()ll elccirc)xl ll_lt'rt)st'¢)l)Y/Cltt'rgy dlsl)erslve spectroscopy (FEG-

STEM EI)S) and AES techx!hlt_t's _txc li()i _t¢'c_l'_te t.II_)_l_tl i_)chtrlly tile Illlt)ortallce of Cr

depletion. Gralll tm_l|¢l_|ry ;|llalyst's w¢,l'c ¢,_(lt_'lt'¢l t)l_ li\VI_ llelliroll absorber tubes that

were fabricated frolll Iw_ ill' lice=is ,_[ TYl)c ;t(),t SS Ill_ll t_=tl vlri==ally ldellih'al chenllcal

colllposltlolls slid lrri|dllltet] it) slllliJtlr [lllcll¢.c h, vcl bill Itlai t,xl!lblted a siglllflcallt

dlfferellce In stlsCt_lHtl)tliiv It)1(1,%('(; (Jlll'lll_ 551,_'1' It'sts (lritlll bot_lld_!ry ¢'OllCeiltrl|tloIls of

Cr, NI, SI, P, S, ali(l C ()[ tilt' It'slsl,illl iii1(1 stlst'cl)ill)le l_ctlis were virtually Identical.



l[_wever. Rlalll botlll(lal'lcs ol llic rcslsIallI lllait'rhll colllallle_l a lower COllCClltrailoIl of N

arid hIRher concenlrall_lls of tt ailti l.l titan th_se _1"the stlsceptlble nlalerial.

klorrm is knowll Io undergo Ihermal segregation to grain boundaries in austenliic SSs,

Therefore, graln-bmmndary collcelllrallolls of [I, alid hence I,l, could be lnlluenced slrongly

by lhen|lomechanlcal processes even ll" cort_' lzlierllal colnponellis are fabrlcaled from ihe

sanle slarllng maierlal. Durll|g slc)w coollli_ of Ihlckr, r secllolls {e.g., IIWR lop guide),

thermal segregation of" lI, alld hel_ce I.l, Is likely io be inore prolloulleed, This will be

coliduclve Io stlppressloll _)l IASCC ullder condtllons of a slnllhlr Iherll!al senslilzallon (i.e.,

Cr deplellozi). The presenl sltidy llldlcales thai a syI_erglsm belween gralll-boundary

seRreRallon of N and l] Ilnpuriiles and lrallsliiulailoll by ihermal neulrons lo H and LI,

respeellvely, plays an lml)oriani role tn IASCC. Ilowever, the relallve Illlporiance of Ihe

roles of graln-boHlldary Cr dcp!e[loll and ihe COllCellIrailolls of N, 1!, alld 1,1 on Rraln

bouIldarles Is trot yeI ('lear.

Stress Con'osiot! ('rackit!_.l oJ"l"_,rrllic Steels

Additional fracitlre Inee|lalllcs C'CII,_ tests |llive been pt'rl'ornled on nonplated

specilnells of AlO6 Gr It and A533 Gr 1t sieel and cm _t Sl)eclli|ell oHA533_Gr B plated wllh

NI-Cr. The effecI of [reqlmellcy {m CGR was delerlllllled aI a lt)ad ratio of 0.9 111 ttP

oxygellaled {_200 Pl)b) water at 289"C. The CGI_s I'c_r the NI Cr plated A533-.Gr B

specimen were eon!i)_tred wtlt_ predicted values from _'w c_)rrelailo_|s proposed for
lllclt_slol_ II| Secilml XI ()1"tile ASME l]¢_tler alid l'ressllre Vessel Code, The observed CGI,_s

were adequalely Imtl_dett by lilt, I)rop_)sc(I ASMI,: SPcllL)ll XI c_)rr_,l_llm_s.



1 Introduction
ir I i[ _ ._ ...................... fill 111111111i1:I if i _ rr ......

Fatigue and elwlronmentally assisted cracking (EAC) of piping, pre,,,sule vessels, and

core components In light water reactors [I,WRs) are Important concerns as extended

reactor lifetimes are envisaged. The degradatlozl processes In U.S. reactors include fatigue

of austenitlc stainless steel (SS) In emergency core cooling systems* and pressurizer stlrge

line*' piping in pressurized water reactors {PWI,L,s), ltitergranular stress corrosion cracking

(IGSCC) of attstenltlc SS pit)lag ill bollllig water reactors (ttWl_'s), an(| propagatloll el fatigue

or .stress corrosion cracks (which Initiate tn sensitized SS cladding) Into low..alloy ferrltlc

steels Ill BWR pressure vessels,'" Sllllllar cracking has also occurred Ill upper shell-_to --

transition-cone girth welds 111 PWR stealll generator vessels, + Ill)(| crllcks have been found

in steam generator feedwater dlstrlblltlon piping, ++ Occurretices of mechatltcal_vlbratlon -

and thermal-fluctuation-induced l'atlgue l'allures ill LWR plants In dapall have also been

documented, l Another concern Is failure of reactor-core internal components after

aocumtfla[loli of relatively high llllelwe, w|lh-h has o('ct_rred ill both tlWl_k,_ and PWI,Ls. The

general pattern of the ot)set_'e(i l'alltlres ln(llcales thai its lluclt'ar plants age Slid tile neutron

fltlellce lllcreases, nltllly ill)l)ilrelltiy llollSellslltzcd allsi0111tlc lllaierhils be('OIlle si!sceptlble

[o tlltergrantlhlr falltlre by a (le_l'a(liltlt)ll i)rocess coll,l_.l)llly klltlWll _IS lrradhlthHl assisted

stress corrosion cra(-klllg {[AS(]C), S(lllle of [tleSe l)!lltll'eS hiive Iieell l'et)orled fay COlllpO

llents subjected to relatively low or !lcfl, ligll)le stress levels, e.R., COlltrtfl .bla(te stleatlls itll(t

halidles and lIlstrunlellt dry. tubes {)1 l_Wl,[s, Altll{)ttgll IllOSt failed Collipolielllt., call be

replaced, sonic sltfety slgnilicatlt Slrllcttll'al C()llll)t)llelltS, such its ttle ltWR top gutde,

shrotld, al|d cure plale, would be very dlfflctllt or ltllpractlcal io replace. Research during

tile past six rlloiltt|s hlts foctlse(t till Ill) l;llt_tte t)f lerrltlc steels used 111 i)lplng, steam

generators, and presstlre vessels; 1t)) EAC of cilst atlsleltitlc SSs; (c) IASCC In high*- all(l

colnlner(,lal-ptlrlty (ill'Slid CI')"l),pe30,1 SS sl)ecilllells frolll COllirol blade al)sorl)er tubes

slid a colitrol bla(le sheath Ilsetl Ill Ol)t'rallll _ iiWRn; slid ((l) EAt7 t)l l(,rritlc steels.

2 Fatigue of Ferritlc Steels

Plain carl)on and lowalloy steels are tlst'(I extellslvely Ill I'WR axtd l]Wl,l siesta supply

systems as plpllll4 slid presstlre vessel lll_l[(:l'[alS. The steels of Interest 111 these

applications lllcltt(le A I06 Gr 11 ;tll(l A3'33 (lr 6 Ior seillllless Plt)t' Still A302 (;r It, A508_-2,

and A533_Gr It plate for presstlre vessels. The ASMI,," ('.ode SectIoll ill (DlvisiOll l,

Stlbsectloll NB) lllcltldes rtl!es fi)r tile C¢)liStl'ltctl()ii ()l" lliiclt'ilr power plallt CI;IsS 1

COllipOllelltS. It recognizes l';i[ll/,tle ;is ;| Imssll)lc lllode ()1' l'illlllre 111 i)resstlre vessel steels

Slid piping lllaterials, l:lgtll't' 190 t)l" Al)l)t'lltltx 1 It) Se('lloll Ill Sl)Cclfles tile fililgtle design

ctJrves for the al)l)llcable Slrllt'lliril] lllillCrtills, ']'lle clirl'eltl ('t)tJv tlt'sl_ll Cilia'o'S are based

* LJSNRC [lllill'lllltthln Notice No. HN-OH, "l'llcrnhtl Strt,snt's iJt I_lpilll._ (_Ullllut'tt'd IU licilclor Coolant SyslolllS,"

June 22. lOHH; Stlppk'lnent 1. Jlutv 2,1. 19Villi Stlpl_h'ulctll 21AtIRtls[ ,1, IttH8; 5tll_l_lVtUt,tll 3, April 1 1, It)t',Ig.

*' I.JSNI_[C IllfOrllliitlon Notice No, HH. 11. "l)l'('.',isllrtZ('l _ .%lll°_t' I.illt' Thcrlllill Slritlllh'i|lloll," l)e('t'llll)or 2(1, IDHH.

*** USNR(' Infilllililtlol/ Noth'e No. 90- 29, "(,rilt'killg (ll (,l,ddttiR ill Its lit'ill Alle(qt'd Z(me in Ill(' [:lilst, Metal of a

lleactor Vesm'! l leIld," April :10, 1990,
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primarily ell straill-c_,Jntmlled fatlg_le tests c_I slnall Imllt_l_ed specimens in alr at room
temperature. 2 To obtain the C_de fatigue desI_,n cllrves, best fit curves to the

experimental data were decreased by a fro'for of 2 Oil stress or a factor of 20 on cycles,

whichever was more conservative at each Imlzl[. "l'lle factors were intended to accoi_nt for

uncertainties in translating the ¢,xperlmelltal data of laboratory test specimens to actllal

reactor components, The factox of 20 on cycles is it_¢, product of three subfactors: 2,0 for

scatter of data (minimum Iv recall), 2.5 ft)r size effects, and 4,0 for surface fillish,

atmosphere, etc. 3 "Altnosphere" was Jllien(led to reIlect tile effects of tlil ii|dusirlal

environlnenl rather than tile controlled ezlvlronment of a laboratory, The effecis of the

coolant environnlelli are not explicitly addressed In the Code deslgll curves.

Recent fatigue stralzl vs. life {S/N) data from tile U.S. 41° and Japan I 1-13 Illustrate

potentially significant effects of LWR envlrollnlent on the fatigue resistance of carbon and

low-alloy steels. In stmle cases, failures were observed below tile ASME Code fatigue

design curve, These results raise tile Issue of whether the fatigue design curves 111Sectlotl

lIl are appropriate [or the purl)oSeS Jtlte_lded arid whether ti|ey adequately account for

environmental effects o21 l'aiiglle behavhJr. The factors tff2 and 20 applied to the lneaIi--

data cttrve may not be as colisel%'atlve ,Is ¢)rlRillally llttended.

The prtnlary sol_rces of U.S. data on fatigue of ferrllic sleel In LWR environments are

the data obtained by General Electric Co. (GE) In a test loop at tile Dresden 1 reactor, 4,5

tests performed by GE/Electrlc l'ower Research Iilstltute [EFq{I), 6 aIld the work of

TerrelI. 7,8 Nearly all these data are azl carboxl st,_'els. "l']_e data froln Japan have been

conlpiled in the data base JNUFAI)' fol° "Fatigue StrezlgIh t)l" Nliclear Phlni Colnponellis,"

Tile results for A508C1 3 low alloy steel and A333 Gr 6 ¢'al'bt)i_ steel have beet| published

by Higuchl and lida 11 a_d Iida ei al.12 _Ii(t it_r ft)rged A508 CI 3 and rolled A533-Gr B low -_

alloy steels by Naga{a e{ al. 13

Several trends are clear from the available S/N data. The magl_itt_de of the decrease In

fatigue life depends on the alloy composlilo_l, temperature, and conce,llratlon of dissolved

oxygen IDOl in the water, At the very low DO levels characteristic of PWI_ and BWRs with

hydrogen/water chemistry, envlro_mental effects on fatigue life are modest at all

temperatures and strain rates, FatiR_lt, life decreases rapidly its DO Increases over a rather

narrow range of ._0.1. O.3 ppm, but ft_rther Increases _.lp to 8 ppm cause only a modest

decrease in life. Ill oxygellaied water, fatigue life strol_gly depends oil tenlperalure and

strain rate. At a given strain rate, fatlgt_e life Increases by a factor of 5 or iI|ore as the

temperature is decreased [°ram 288 to 200"C, For tile sal_e c_lvlronn_ent and strain range,

fatigue lives can be decreased by a factor ¢)1 ,_50 by t'educl_g tile strain rate from 0.1 to

O.O001%/s, Llnllted data llldlcaie that oi_ly tile tensile stralll rates (strain rate durilig the

tensile half of the strain cycle) arc importai_I i_ envlromllenially assisted reduction in

fatigue life. Based on the existing S/N data, Argonl_e National I,aboratory (ANL) has

developed Interim fatigue design curves that lake iilto account temperatt_re, DO level In tile
water, sulfur level ill the steel, and strain rate. 14

' lh'ivate communlcalmn [rom M. l llguchi, Ishlk_wajlma-ll_ri_na I leavy Industries Co., Japan, m M. l_rager of
the Pressure Vessel l,k,sear¢'h (i'_)_ncll [PVI,K'_,Jitlltldry 1992 The old dahlbllst' "FAI)AI," has been revised and
rorm reed "J NUFA[)."



The S/N data on carbon and low-alloy steels in water, however, are somewhat limited
and do not cover the range of loading conditions found in actual reactor operation, For
example, virtually all data in LWR water are at relatively high strain ranges. Furthermore,
environmental effects on crack initiation have been considered as a possible mechanism for
the reduction in fatigue life. t1,12 High-sulfur steels are more susceptible because cracks

can initiate at surface microplts that form near manganese sulfide (MnS) inclusions.
Effects of crack initiation are important only at low strain ranges, where experimental data
are not available. At high strain ranges, fatigue life is dominated by crack propagation.

The data also do not extend over the range of strain rates normally encountered in
service; e.g., some transients may have strain rates as low as 0.00001%/s. Extrapolation of
available data to such low values would predict a reduction in fatigue life by a factor of >300.
The relatively good service experience of carbon steel piping in BWRs, i.e., 288°C water
with 0.2 ppm DO, suggests that the effect of strain rate on fatigue life must saturate at some
level, although no such saturation has been observed experimentally. The JNUFAD data
show that environmental effects on fatigue life are greater for carbon steel than for low-

alloy steel, ll However, most low-alloy steels that have been investigated in JNUFAD are
low-sulfur heats [<0.007 wt.%). It is likely that differences between carbon and low-alloy
steels are caused by the sulfur content of the steels and that compositional or structural
differences have only minor effects on fatigue life.

2.1 Technical Progress (O. K. Chopra, W. F. Michaud, and W. J. Shack)

The objectives of this task are to (a) conduct fatigue tests on carbon and low-alloy
steels under conditions where information is lacking in the existing S/N data base,
(b) establish the effects of material and loading variables on environmentally assisted
reduction in fatigue life, and (c) validate and update the proposed interim fatigue design

curves. Fatigue tests are being conducted on AIO6-Gr B carbon steel and A533-Gr B low-
alloy steel in water and in air at 288°C. Initial results have been presented earlier. 9,1° For
both carbon and low-alloy steels, environmental effects are modest in PWR water at all
strain rates. The experimental effort during the present reporting period focused on the

effects of strain rate and alloy composition on fatigue life in simulated BWR water, Several
fatigue tests were completed on A106-Gr B and A533-Gr B steels at 288°C in water
containing =0,8 ppm DO to confirm the strong effect of strain rate on fatigue life and to
determine whether the strain-rate effect saturates at very low values,

2.1.1 Experimental

Low-cycle fatigue tests are being conducted on A106-Gr B carbon steel and A533-Gr B
low-alloy steel with an MTS closed-loop electrohydraulics machine, The A533-Gr B
material was obtained from the lower head of the Midland reactor vessel, which was

scrapped before the plant was cor_pleted, The A106-Gr B material was obtained from a
508-mm-diameter schedule 140 pipe fabricated by the Cameron Iron Works, Houston, "IX,
The chemical compositions of the two materials are given in "Fable 1, and average room-
temperature tensile properties are given in Table 2. Microstructures of the steels are

shown in Fig. 1; carbon steel has a pearlitlc structure, whereas the low-alloy steel consists
of tempered bainite. Smooth cylindrical specimens with 9,5-mm diameter and 19-ram



Table I. Chemical composition (wt.%) of ferritic steels used for fatigue tests

Source/
Material Reference a C P S Si Fe Cr Ni Mn Mo

Carbon Steel

AIO6-GrB b ANL 0.29 0,013 0,015 0.25 Bal 0,19 0.09 0.88 0,05

Supplier 0.29 0,016 0,015 0.24 13o.] - - 0,93 -

AI06-GrB Terrell (7} 0.26 0,008 0,020 0,28 Ba] 0,015 0,002 0,92 0,003

A333-Gr 6 Higuchi (l l) 0,20 0,020 0,015 0,31 Ba] - - 0,93 -

Is)w-Alloy Steel

A533-Gr Bc ANL 0.22 0.010 0.012 0.19 Hal 0.18 0.51 1,30 0.48

Supplier 0.20 0.014 0.016 0.17 l.tal 0.19 0.50 1,28 0.47

A533-GrB JNUFAD 0,19 0,020 0,010 0.27 13al 0.13 0.60 1.45 0,52

ifReference number given within pareniheses, ....

b Schedule 140 pipe 508--ram O,D, fabricated by Cameron h'on Works, Heat J-7201, Actual heat
treatment not known.

c Hot-pressed plate 162 mm thick from Midland reactor lower head, Austenltized at 871-899°C for
5,5 h and brine quenched, then tempered at 649-663°C for 5,5 h and brine quenched. The plate
was machined to a final thickness of 127 nun, The l.D, surface was inlaid with 4.8-ram weld
cladding and stress relieved at 607°C for 23,8 h,

Table 2, Average room-temperature tensile properties of ferritic steels

Yield Ultimate Reduction

Stress Stress Elongation in Area
Material Reference a (MPa) (MPa) (%) (%1

Carbon Steel

A106-Gr B ANL 301 572 23.5 44.0

A106--Gr B Terrell (7) 300 523 36.6 66.3
A333-Gr 6 Htguchl (11) 302 489 41.0 80.0

Low-All0y S_ee!
A533-Gr B ANL 431 602 27.8 66,6

A533-Gr B JNUFAD 488 630 27.7 65,2

a Reference number given within parentheses,

gage length were used for the fatigue tests (Fig, 2), Specimen gage length was given a

l-lxm surface finish in the axial direction to prevent circumferential scratches that might
act as sites for crack initiation.

Tests in water were conducted in a small autoclave with an annular volume of 12 mL

(Fig. 3). A schematic representation of the system is shown in Fig. 4. The once-through

system consists of a 132-L supply tank, Pulsafeeder TM pump, heat exchanger, preheater,

and the autoclave. Water is circulated at a rate of _i0 mL/min and a system pressure of
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Figure 2. Microslructures of(a} A I O6-Gr I-3carborl stt',el and (b) A533-Gr 13
low-alloy sleel

9 MPa. The autoclave is constructed of Type 316 SS and contains a titanium liner. The

supply tank and most of the low-temperature piping are Type 304 SS; titanium tubing is
used in the heat exchanger and for connections to tile autoclave and the electrochemical

potential (ECP) cell. Tile ECPs of" platinum and an electrode constructed of the same
material as the fatigue specimen were monitored during the test against an

0. I M KCI/AgCI/Ag external rel'erezlce electrode. An Orbisphere meter and C}IEMetrlcs TM

ampules were used to measure tilt, I)O co!icentratlol_s In tile s¢_pply and el'fluent water.



Ftgz_t'c ;._. Al_tt_'lat,c ._!istctT_/tJrJati(lttc if'sis its tt,tatt,r

All tests were con(lllcted ;it 288C wittl frilly reversed axial loading (i.e., strain ratio

R =-1) and a triangul_lr or stlwtot)th wave ft_mn, Unless ott_ervclse mentioned, the strain
rate for the triangular wave and last-_loadlll_ laalf tJf the sawlooth wave was 0,4 %/s. Tests

tn water were perfonned under slrt)ke c()nlr()l where tile specimen strain was controlled
between two locations olltslde of ttle _lt_tt_('l_lve, The flxlllre tlIld lII_ear-_voltage--dlfferentla 1

transducer {LVDT) for stroke ct)ntrc_l ¢:';ln be seen t_ the left of the a_toelave In FIg. 3.

Tests In air were pertorH_ed t_der slraJll (,o_trt_l with ;Ill axial extensometer; specimen
strain between the two localiolls tlse(l ill tl_e w;tler tests was also recorded. Infonnt_tlo_l

from the air tests was t_sed to (leteH_l_c actt_ll stral_ 1_ tile specimen Rage length for tests
in water,

Simulated BWR water co_t_tnlng _0.8 t)l)_n DO was prept_red by bubbling nitrogen

containing 1-2% oxygen [tlrot_Rh delotllzed water In tile supply tank, Water samples were
taken periodically to measure the pit, resistivity, and I)O co_centratlon, After the desired
concentration of DO was achieved, the nltrogen/oxyRe_ gas mtxtt_re was mt_lntalned on the

supply tank at a 20--kPa overpressure. Simulated PWR water was formulated by dissolving
boric acid and lithium hydroxide l_ 20 I. _1 delol_lzed water before adding the solution to

the supply tank. The DO In tle!t)lllze(l water was redt_ced t¢_< 10 l)pb by bubbling nitrogen
through the water. A vacuum was draw_ t_l tl_e ta_k ctwer gas to speed deoxygenation.
After the DO was redt_ced to tt_e (l_'si_e(l level, _ 20 kl';_ ¢wevpressure of hydrogen was

maintained to provide :_2 Plm_ dtss¢)lved hyd_'t_y_l 1_ tile deoxy_e_'t_ted feedwater.
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1. Cover gas supply tank
0 14 2, Water supply lank

3, lhfl_tl_'etler hlgh-presmm' pump
4, Chex:k wdve
5. Ileal exchanger
6. Preheat exchanger
7, I)11x' autoclave

15 16 H. Fatigue test ,,lpci'lmen
9, MTS hydratfllc toilet grips

7 10, MTS load cell
11, I)lsphicenlenl I,VI)T
12. M'I_ hydraulh" actuator
13, E(:I ) cell
14, l)hitlntini electrode
15. Si)t'chllen eleiqrode

I 19 16, lleliu'ence clectrode
17, Mlty Mite back-pressure reguhitor
18, C)rblst)here dissolved oxygen meter
19. MTS electri)llydraullc controls

Flflllre 4. Schemafic dlagrtuli q/'autoclave s!/sh'liiJbrfaligue tests ill water cnnirorlmen!

2.1.2 Roaulta

Tile fatlgtie results eli A lf)6--Gr B and A533-Br 13 steels are suninlarlzed In Tables 3

and 4, respectively, The fatigue life, N25, corresponds to tile nuinber of cycles for a 25%

decrease Ill tensile stress ailllilltiidi'. The total slralll range vs. fatigue life ctirves for tile

carl)on and low-alloy steels lit air are showii Ill Figs. 5 aiid 6, Results from other

lnvestlgatlolls 8.11 Oll shnlhlr steels wtlll cOlllptlral)le t'OllilioslIloli, 111 l)artl(:tilllr the sillfllr

content, and the ASME Secltiili 111iliCali (llilli clirvcs tire also llicliided lil lilt' flglires,

The restilts indicate lhat for I)otli steels, stralil rate has tie effect on tatlgtie life In air.

The data for hlO6-Gr 13 steel tire lit excellent ligI't'elllellt with results obtained by Terrell 7,8

ori A106-Gr B steel, btii tire lower by ii factor of _-5 thali those ()bialned by ttlguctll alld
Ilda 11 oil A333-Gr 6 steel, Also. tile data for Al06<Gr B steel are below tile ASME mean-

data ctirve for carl)on steel at rooili teinlicratiire at high strain range (by a factor of 3), hilt

are above the ASME llleall ('lll'Vt" lit h)w slraln l'allge. The results for A533-Gr B steel show

good agreelnent with the JNIJFAD (hlla Oil A533 Gr II sleel lilt(! the ASME nlean-dalli ciirve

for low alh:iy steel ill rOOlll ti'lillii'rlllilrl'.



Table 3, Faligue lest resulls Jbr A 106-Gr 13 sleel al 288°C

Test Environ Dissolved pll Tensile Co=up. Stress strain ...........Life
Number ment Oxygen at 25°C Cond, Controls Rate Rate Range l_nge N25

(ppb) (_tS.c m- i} (%/s} (%/s} (MPa} {%} (Cycles}
I ] II I Ill I II Ill II I Jill I II I I] TII I -I Ill I : : : ......................... ....... _,,_,,_ _v , .........

1498 Air ..... Strain 0.4 0,4 1001,4 1.004 1,048
1553 Air ..... Strain 0,4 0,4 92 I, I 0,757 3,253
I615 Air .... Strain 0.04 0,4 959,8 0,755 3,873
1609 Air ..... Strain 0.004 0,4 i 026,0 0,758 3,72 l
1543 Air - - - Strain 0,4 0,4 818,2 0,502 14,525
1619 Air - - - Strain 0,4 0,4 74;,7 0,401 37,142
1621 Air .... Strain 0.01 b4 787,1 0,403 38,128
1550 Air ..... Strain 0.4 0,4 681,7 0.353 66,768
1552 Air - - - Strain 0.4 0.4 ei80,6 0,352 93,322
1644 Air .... Strain 0,004 0.4 702,0 0,364 >95,000

1546 Air - - - Stroke 0.4 0.4 975.7 0.916 1,365
1612 Air - - - Strok, 0,004 0,4 1008.2 0.779 3,424
1554 Air .... Strol, e 0,4 0.4 896,8 0,730 3,753
1548 Air - - - Stroke 0,4 0,4 831.9 0,545 I0,632
1555 Air - - - Stroke 0,4 0,4 676,3 0,343 98,456

1547 I_¢R b 8 6.7 23,3 Stroke 0,4 0,4 I0 I0,9 0,987 692
1564 ir'NRb 12 6,6 21,7 Stroke 0.4 0,4 942,0 0,769 1,525
1549 IKVRb 8 6,7 25,6 Stroke 0.4 0.4 827.0 0,533 9,396
1560 PWRb 12 6,6 23.7 Stroke 0,4 0,4 701.3 0,363 35, lot)
1556 P_VI,Ib 8 6,6 22,7 Stroke 0,4 0,4 710,9 0,360 38,632

1632 BWR 800 5,8 O. I l Stroke 0.4 0,4 913.3 0,740 2,077
l 614 [3WR 400 5.9 O, I I Stroke 0,004 0,4 930,4 0,786 303
1623 BWR 800 5.9 0,08 Stroke 0,004 0,004 943,8 0,792 338
1616 BWR 800 5,8 0,08 Stroke 0.0004 0.4 912,8 0,799 153
1620 BWR 900 5,9 O. I I Stroke 0,00004 0,004 943, I 0,794 16 l
1634 [3WR 800 5,8 O, 16 Stroke 0.4 0,4 733.2 0,400 19,318
1624 BWR 800 5,9 O, I0 Stroke 0,004 0,4 775,7 0,456 2,276
1639 BWR 800 5,9 0.09 Stroke 0,004 0,4 751,6 0.418 295 l

a Values for stroke-control tests are approximate. Ac,tual strain rates are ±5% of the listed value,

b Contains 2 ppm lithium and I000 ppm boron,

The total strain range vs. fatigue life plots for AIO6-Gr B and A533-Gr B steels in

simulated PWR water containing <I0 ppb DO, I000 ppm boron, and 2 ppm lithium are

shown in Figs. 7 and 8, respectively, The results indicate a marginal effect of PWR water on

fatigue life at high strain ranges, For both steels, fatigue lives in PWR water are up to a
factor of 2 lower than those in air at a strain range >0,5%, Fatigue lives in water and air

environments are comparable at a strain range <0.5%, Limited data on A533-Gr B steel

indicate that a decrease in the strain rate by two orders of magnitude does not cause an

additional decrease in fatigue life, The results for AIO6-Gr B steel are consistent with the

data obtained by Terrell 8 in simulated PWR water where no noticeable effect of strain rate

or environment on fatigue llfe was observed (Fig, 7), The results are also consistent with
the data of Ilda et al. 12 and Prater and Coffin, 15,16 in which tl_e effects of environment were

minimal at DO levels of <100-200 ppb,

The effect of oxygenated water (0,8 ppm DO) on fatigue llfe of AIO6--Gr B and A533-

Gr B steels is shown in Figs, 9 and I0, respectively. The results indicate that

environmental effects depend strongly on strain rate and that only strain rate during the

tensile half of a strain cycle is important. The steels show identical behavior; fatigue life

I0



Table 4. Fatigue test resulls .for A533-Gr B steel at 288°C

......e;'t ........En, ronDi,,o w i" pi'I ...... ....... ..........Co"ip.....Sire,, SLr, ,1..........Ure............
Number ment Oxygen at 25°C Cond, Control a Rate. Ratea l_ange Range N25

,,, (ppb] , ...................!,l_S,(!m:l ] {%/a} ,{%Is) [Ml'a} [%} {Cycle._}_.....

1508 Air - - - Strain 0.4 0,4 910,9 1,002 3,305
1515 Air .... Strain 0.4 0,4 866. I O.752 6,792
1625 Air - - - Strain 0,004 0.4 887,7 0,757 4,592
1505 Air .... Strain 0,4 0,4 767.6 0.501 31,200
1576 Air .... Strain 0,004 0,4 805,8 0,503 28,129
1590 Air Strain 0,4 0,004 82 l, i 0,503 24,471
1640 Air - - - Strain 0.4 0.4 7 I0.9 0,402 65,880
i 517 Air ..... Strain 0,4 0,4 602.5 0,353 2,053,295

i521 Air - - - Stroke 0,4 0,4 889.4 0,9i0 3,219
1523 Air Stroke 0.4 0,4 898.6 0,917 2,206
i522 Air .... Stroke 0.4 0.4 905.4 0,89_ 3,419
1524 Air .... Stroke 0,4 0,4 892.3 0,950 3,714
1525 All..... Stroke 0.4 0,4 743.6 0,452 65,758
1538 Air .... Stroke 0,4 0.4 708,0 0,387 > l,OO0,O00

1526 Dlb 16 - - Stroke 0,4 0,4 876,4 0,873 3,332
1527 l)l b 17 6.0 - Stroke 0,4 0,4 752.8 0,493 IO,292
1528 DIb 5 5.8 -- Stroke 0,4 0.4 744,1 0,488 25,815

1530 PW[_: 3 6,9 41.7 Stroke 0,4 0,4 885,5 0,804 1,355
1545 PWRc 8 6.0 22,7 Stroke 0,4 0.4 889.7 0,886 3,273
1533 PWR c 4 6,9 45,5 Stroke 0,004 0.4 916,o 0,774 3,416
1529 PW[¢c 3 6.9 45,5 Siroke 0,4 0,4 743,4 0,48,1 31,676
1588 PWhlc 6 6.5 23.3 Sirr,ke 0,0o4 0,4 828.7 0,514 15,t_2 l
1605 PWRc 9 6,5 23,8 Str()ke 0,4 0,004 785,2 0,460 >57,443
1539 PWR c 6 6,8 38,5 Stroke 0.4 0.4 094,8 0,373 136,570
1542 PWR c 6 6.6 27,0 Stroke 0,4 0.4 631,8 0,354 >I,154,892

1645 []Wl,l 800 6, I 0,07 _-_troke 0,4 0,4 83 i. I 0,721 2,736
1626 13WR 900 5,9 O, 13 Stroke 0,004 0.4 910, i 0,788 247
1627 |}WR 800 5,9 O, I0 Stroke 0,004 0,4 826.8 0,534 769
1641 [}WR 800 5.9 0,09 Strolce 0,4 0,4 693,0 0,374 17,367
1647 [}WR 8OO 6. I 0,09 Stroke 0,4 0,4 688,0 0,363 26, 165

b [)eton_ed water.

c Contalns2 ppm lithiumand 1000 ppm boron.

decreases rapidly with a decrease in strain rate. Compared with tests in air, fatigue llfe In

oxygenated water Is lower by a factors of 2 and I0 at strain rates of 0,4 and 0,004 %/s,

respectively. Fatigue tests were conducted on AIO6-Gr B steel, at a total strain range of
=0,75% wlth a sawtooih wave form axul tensile strain rates between 0,4 and 0.00004 %/s,

to establish the effect of strain rate on lhtlgue life, Relative fatigue llfe, i,e,, ratio of fatigue

life In water to that in air, Is plotted as a function of strain rate in Fig, II, The results

Indicate that the effect of strain rate saturates at _=0,00()4 %/s; fatigue life In water Is lower

by a factor of 20 lower than In air, The results also indicate that only the sh_w tensile-

strain cycle is responsible for envln)nn_entally assisted reduction In fatigue llfe. Two

fatigue tests on AlO6--Gr B steel at a strain range of _,0.75, one with a sawtooth wave form

(i,e,, 0,004 and 0,4%/s strain rates, respectively, during the textslle and compressive hall" of

the strain cycle) and the other with a triangle wave form [i,e., 0,004 %/s constant strain

rate), show Identical fatigue lives (Fig, 9),

II
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Plots of cyclic stress range vs. fatigue cycles for A I06_Gr B and AS33-Gr B steels
tested In air at 288<'C and a total strain range of-0,75% are shown In Figs, 12 and 13,
respectively. The cyclic strain Imrdening behavior of the steels is consistent with their
mtcrostructure, The AI06Gr B steel, with a pearlltlc structure and low yield stress,
exhibits rapid hardening during the Itlttlal IO0 cycles of fatigue ills, The extent of

hardening increases with applied strain range, The AIOGGr B carbon steel also shows
significant dynamic strain aging, e,g., cyclic stress Increases throughout the test, Fatigue
strength of the material increases wlth decreasing strain rate without affecting Its fatigue
life significantly [Fig, 12), In contrast, the A533 Gr B low_all,_y steel consists of a balnltlc
structure, has a relatively high yield stress, and shows little or no Initial hardening and
dynamic strain aging (Fig, 13}, At low strain ranges, the A533_Gr B steel shows cyclic
softening during the Initial IfX) cycles of fatigue life (Fig, 14},

The cyclic stress vs. strain cu_,es for A I06 Gr B and A533=Gr B steels at 288°C are
shown In Fills, 15 and 16, respectively; cyclic stress carte.ponds to the value at half life,

The results for AIO6 Gr B steel show excellent agreement wlth the data obtalned by
"rerreil, s The total strain range Art (%} c_in be expressed In terms of the cyclic stress

range (MPa) wlth the equation obtained by 1`errell at 288<'C:

tll_i ,,, _-!i°6_{8 + I010,43; ,

1"he best-fit stress vs, strain curve lor AS33--Gr t3 steel Is represented by

Aa Aa
,_rz- 1965.0 + (956,0)ill' It}

For both steels, an aqueous envlrolilnenl has little or no effect on the cyclic siress-ostraln
behavior. The effect of strain rate on itie cyclic slress._siraln Is quite pronounced In
A 106_Gr El carbon steel because of dyniillilc slriilii iiglrlll of tile niaiertal, whereas strain rate
has a modest elTeel on the cyclic stress.strain curve for A53;,t.,,GrB Iow_-ailoy steel,

In general, the surfaces of A I0O-Gr B and A533_Gr El speclnlens tested In simulated
PWR water developed a grey/black corrosion scale, In addition, the specimens tested in
water containing 0,8 ppm DO showed patches of a loose brown/red deposit, Mlcrographs
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All specimens tested i=_w;_lt,r shuwe(l surf+_ce mlcrt)l)iltl.g+ Most likely, these surface
plts formed by selcctlve dlss(:)lutlo, ol+Mxt5 l_ch_slo_s, "l_plc_l ex_ml)les of mlcroplts on
A533+Gr H low+alloysteell!isl.t_lated PWR water iInddel(mlzedwater containing-0,8
ppm DO areshown InFig,18, Thr...t.pltsc+i.netas sitesforcrack l.ltlutlo.:theyare often
associatedwlth cracks, A det.llcdexaml._sllonofglIgele.gthsurf.cesol+the fatiguetest

specimens Is in progressto esl;fl)llshthe effectof the +i(It_eousenvironments on crack
Initiation,

2.1.3 Olloulilon

Fatigue data I. oxyge..ted w_Her reveul slRI)ll'le_lnt recitictlol_s In fatigue life and a
strong dependence on strain r;_tt., However, there Is little ctlfference tn environmental
degradation of fatlgtle life between AIO6Gr B c.rbo, steel a.d A533-Gr B low+alloy steel
that contain comp.rable s_=lfur levels, Although the cyclic stress+strain and cyclic
hardening behavior is distl.ctly dllTerent, the reduction in f.tlgt=e life of the two steels Is
comparable or somewhat gre+iter for the low alloy steel (Figs, 9 and 10), The carbon steel
also exhibits pronounced dy.amlc str==l, t=RI.R, where;=s stntln .RI==Rel'leers are modest In
the Iowalloy steel,
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3 Environmentally Assisted Cracking of Cast SSs
in Simulated BWR Water

Cast-duplex SSs are used extensively in the nuclear industry in pump casings, valve
bodies, piping, and other components in coolant systems of LWRs. The steels correspond
to ASTM Specification A-351 grades CF-3, CF-3A, CF-8, CF-8A, and CF-8M, where the

compositions of CF-3A an_ CF-8A fall within the composition limits of CF-3 and CF-8, but
are further restricted to obtain ferrite/austenite ratios that result in higher ultimate and

yield strengths. The molybdenum-free CF-3 and CF-8 grades contain low- and high-
carbon concentrations (<0.03 and <0.08 wt.%, respectively) and are similar in composition
to wrought Types 304L and 304 SS. The Mo--containing CF-3M and CF-8M grades with

low- and high-C content are similar to Types 316L and 316 SS, respectively. After many
years of service at reactor operating temperatures, these steels can undergo thermal aging

embrittlement that is caused by precipitation and growth of a Cr-rich ¢x' phase, an Ni- and
Si-rich G phase, M23C6, _/(austenite) in the ferrite, and additional precipitation and/or

growth of existing carbides at the ferrite/austenite phase boundaries. 17-26 These
compositional changes increase the tensile strength and decrease the impact energy and

fracture toughness of the steels, 26-37 In general, the low-C CF-3 grade is most resistant
and the Mo-bearing high-C CF-SM grade is least resistant to thermal embrittlement. 28,31

An inspection of the drywell of a BWR to determine the cause of an increase in
unidentified leakage revealed a through-wall crack in the manual gate valve in the

condensate return line of the emergency condenser system," Subsequently, the internal

components of other valves in the emergency condenser system were removed and
inspected by visual, radiographic, and ultrasonic tests. Inspections of the inner surface of
the valves revealed cracks near drain holes in the valve bodies, which were made from CF-

8M SS. Some of the cracks were within 0, 15-0.35 in. of passing through the 1.25-in. wall
thickness (==70-90% through wall). A metallographic examination of a boat specimen
revealed that the material contained =15% delta ferrite and that the crack propagated

transgranularly with little secondary cracking, which is characteristic of a fatigue crack.

' NRC Information Notice 92-50: Cracking of Valves in the Condensate Return Lines of a BWR Emergency
Condenser System, July 2, 1992.
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The purpose of the present work is to (a) determine whether local compositional changes
and concomitant increases in strength of the materials caused by thermal aging can
influence EAC under cyclic loading in high-temperature water, and (b} establish whether
CGR curves for wrought SS in high-temperature oxygenated water are applicable to cast
grades of the steel in the as-received and thermally aged conditions.

3.1 Technical Progress (w. E. Ruther, O. K. Chopra, and T. F. Kassner)

During this reporting period, fracture-mechanlcs CGR tests were completed on three
additional ITCT specimens of cast SS, namely, as-received CF-8 (Heat 68, No. 681-08) and
specimens of CF-8 (Heat 68, No. 682-05) and CF-8M (Heat 75, No, 752-04) aged for
30,000 h at 350°C. Results obtained on as-received CF-8M (Heat 75) and specimens of CF-
8M (Heat 75) and CF-8 (Heat 68) steel aged for 10,000 h at 400°C were presented in the
previous report. 38 As in the case of the previous specimens, the aging condition was
sufficient for both heats of steel to reach a "saturation" Charpy-impact energy CVsat, i.e., a
minimum value that would be achieved by the materials after very-long--term aging. The
actual value of the saturation impact energy for a specific cast SS is independent of aging
temperature but depends strongly on the composition of the steel. It is lower for the Mo-
bearing CF-3M and CF-8M steels than for the Mo-free CF-3 and CF-8 steels, and
decreases with an increase in ferrite content or the C or N concentration in the steels.
The room-temperature CVsat values for cast SSs in thermal aging embrittlement studies
conducted at ANL35 ranged from --30 to 162 J.cm -2. The room-temperature impact
energy values for Heats No. 75 (CF-8M) and 68 (CF-8) aged for 30,000 h at 350°C were 30
and 65 J.cm -2, respectively, which are indicative of materials with low fracture toughness
after thermal aging. The chemical composition and ferrite content of these steels, and of
CF-3 and -3M grades tested previously, 39,4o are given in Table 5.

Table 5, Chemical composition and ferrite content of cast SSs for corrosion fatigue tests in
simulated BWR water

Material lleat Compc)sltl0n !Wt.%) Ferrlte (%)

No, Cr Mo N i Mn Si C N P S Calc, Meas,

CF-8 68 20.64 0,31 8.08 0.64 1.07 0.063 0,062 0,021 0,014 14,9 23.4

CF-SM 75 20,86 2.58 9.12 0,53 0.67 0,065 0.052 0,022 0,012 24,8 27,8

CF-3 P2 20,20 0.16 9.38 0.74 0.94 0,019 0.062 0,019 0.006 12,5 15.6

CF-3M F5524 19,38 2,38 ll,80 0,96 1.35 0.018 0.099 0,015 0,005 5,9 5,0

CGRs of the as-received CF-8 and aged (30,000 h at 350°C) CF-8 and CF-8M specimens
are shown in Table 6. Four tests were conducted in 289°C high-purity {HP) water
containing 4-5 ppm DO at a frequency of 0.08 Hz, and stress intensities Kmax of 30 to
35 MPa.m I/2 where the load ratio, R, was varied from 0.3 to 0.9. The oxygen level was
then reduced by a factor of i0 (to --0.4-0.5 ppm) and several of the tests were repeated.
After Test 7, the system was shut down to remove the aged CF-8M specimen that had
reached the maximum permissible crack length and the experiment is being continued to
investigate the effects of DO concentration on the CGRs of the remaining CF-8 specimens.
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Figure 21 shows the dependence of the CGRs of as-received and aged CF-8M and CF-8
specimens on DO concentration in HP water from these and previous testa 38 at R values of
0,90-0.95. At DO concentrations > 1 ppm, the CGRs of thermally aged CF-8M are higher by

one order of magnitude than for the steel in the as--received condition. Thermal aging has
a smaller effect on the CGRs of CF-8 SS under these conditions.

2a_"C
= CF-eM(aged)
a CF.SM(as.received) =

(_1 _ •

"'_ 10"9 e CF'8 /_" g-_a

0 CF.8 (u.received)

10"1°

10-11

...J R "0'90"095' Tr" 12s
__ Kmax . 25-54 MPa,m 1/2

10-12 , ,,,,,,,1 ......... ,,,,.,i , ,,,,.,,1,, ,,_,,,,
0,001 0,01 0.1 1 10

Oxygen (ppm)

F/gure 21. Crack growth rates of as-received and

thermally aged CF-8M and CF-8
grades of cast SS under hlgh-R loading
in HP water at 289°C

The experimental results In Table 7 for these specimens and for as-received CF-3 and
CF-3M specimens reported prevlouslya9,4o were compared with predicted CGRa for

wrought SSs in air and In water under the various loading conditions (Fig, 22), The lines
denoted as anuper8.0 and aauperO.2 In Fig. 22 represent predictions from Interim correla-
tions cleveloped a t Argonne for 289°C water that contains -8 and -0.2 ppm DO, 41 The

predictions of the present correlation for wrought SS tn air In Section XI of the ASME code
are represented by the diagonal straight lines, Clearly, the air curve Is frequently
nonconservatlve, The experimental CGRs for CF-8, -8M, and -3M specimens lie above the

air line (solid curve}, but for the most part are bounded by CGRa from the modified
correlations for wrought SSs In water at 289°C. The CGRa of the CF-3M and CF-8M
specimens {with carbon content of 0.018 and 0.065 wt.% and ferrlte content of =5 and

27,8%, respectively) show the largest environmental enhancement In both the as-received
and aged conditions,
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Table 7. Summary of crack growlh results for cast SS specimens a at d_j'erent load

ratio b and stress intensity values in 289°C water

Water Chemistry Potentlalm CGI_ Data
l._md Rise ANL

Cond,, 0 a, SOl, 304 SS, l't, liLtllto l"r-q,, Tilne, Kmaxc, AK, d Rate, l{eport

pSem "1 ppm ppb mV{SIIE) 10 -2 tlz _ MPaml/a 10 "lOm.s -I No.

A_reeelved CF-'IM Specimen (Ileal No, F5524} Containing 5,0% Ferrtte
0.90 0,2 lO0 130 120 0.95 7,7 12 22,0 1,13 1,90 go/4

0.90 0.2 I00 I00 60 0,25 e I0,0 5 20.7 15.50 35.0 g0/4

0.90 0,2 iO0 81 4 1 0.95 7.7 12 24,0 1,20 2,50 90/4

l.lO 0,2 tO0 134 95 1,00 0 - 24,1 0 0,32 90/4

Atv-recelved CF.-3 Spe¢'lltieli (ileal No. P2) Containing 15,6% Fertile

0.93 0.2 I00 150 208 0.50 7.7 12 lg.a 9.80 27.0 90/48

0.92 0.2 IOO 147 200 0.90 7.7 12 19.7 1.97 0.09 90/48

0.92 0.2 I00 121 15g 0.90 7.7 12 21.H 2.18 0.40 90/48

0.92 0.2 tO0 176 2 tO 0.95 7.7 12 29.2 1.46 O.l I 90/48

Av_recelved CF-SM Specimen (ileal No, 75) Containing 27,H% Fertile

O. 13 6.2 0 258 [132 0.95 7.7 12 25.:] 1.20 <0.02 93/2

0.16 5.3 0 240 :117 0.95 7.7 12 34.7 1.73 1.6 93/2

O. 14 7.0 0 242 296 0.95 7.7 12 35.2 1.76 1.8 93/2

O. 13 <0.002 0 -560 -SHO 0.95 7.7 12 35.2 1.76 <0.02 93/2

O. IH 0.3 0 198 243 0.95 7.7 12 36.4 1.82 1.4 g3/2

0.11 l.l 0 21fl 260 095 7.7 12 30.H 1.84 1.5 93/2

O. I l 0.9 0 206 257 1.0 0 ,,, 36.8 0 <0.02 93/2

O. IO 7.2 0 247 301 0.95 7.7 12 45.6 2.28 2.5 93/2

Age(l f CF-HM Specimen (l legit No. 75) Containing 27,8% Ferrlte
O. 1_3 6.2 0 258 3;12 0.95 7.7 12 24.7 I .2:1 4.4 93/2

0.16 _.3 0 240 317 0.95 7.7 12 ;17.2 I.HB H,l 93/2

O. 14 7.0 0 242 29(_ 0.95 7.7 12 40.0 2.:i0 19.6 93/2

O. 13 <0.002 0 -560 --SHO 0.95 7.7 12 46.0 2.:10 <0.02 9:1/2

0.18 0.3 0 1¢18 243 0.95 7.7 12 47.5 2.:18 I.I 9:1/2

O. l l I. I 0 2 16 2fi0 0.95 7.7 i 2 5.'I.6 2.6H 7.:I 93/2

O. I I 0.9 0 206 257 1.0 0 ,.. 61 _4 0 20.8 9:1/2

Agedg CF-HM SlJec,lmvn (I h,.I No, 75} Col_hllntng 27,H% l:errlle

0.07 4.4 0 256 280 O.HO 7.7 12 :II .H 6.36 58.0 93/27

O.OH 4.3 0 237 24'_ O.t.lO 7.7 12 33. i 3.31 16.2 93/27

0.07 4.2 0 247 301 070 7.7 12 :14.9 10.47 122.0 93/27

0.07 4.5 0 252 337 0.30 7.7 i 2 "IH.2 26.74 349.0 93/27

O. 1 I 0.43 0 205 2 1H 0.90 7.7 12 40.6 4.06 15.9 93/27

0.07 0.60 0 2 14 223 0.70 7.7 12 4:|.8 1:1.14 I I0.0 93/27

O. I l 0.50 0 205 2 l I 0.30 7.7 12 52.5 :16.75 666.0 93/27

A_-received CF-H Specimen IIh'at No, 6H) Containing 27,H% Ferrlte
0.07 4.4 0 256 2HO O.HO 7.7 12 :10.2 6.04 16.9 93/27

O.OH 4.3 0 237 24:1 0.90 7.7 12 :10.5 :LOS 3.9 93/27

0.07 4.2 0 247 301 0.70 7.7 12 :10.9 9.27 39.2 93/27

0.07 4.t_ 0 252 '137 0.30 7.7 12 32.0 22.40 170.0 9:1/27

O. I I 0.43 0 205 2 l H 0.90 7.7 12 32.4 3.24 2.9 93/27

0.07 0.60 0 2 14 22q 0.70 7.7 12 33. I 9.9:1 32.8 93/27

O. l I 0.50 0 205 2 11 0.30 7.7 12 :|4.4 24 .OH 157.0 93/27
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Table 7, (Cont'd)

Water Chemistry Potentlals CGR Data
l._ad Rlse AN L

Cond., O_, SO_ , :104 _, Pt, Ratl() l'req,, Time, Knlax c, AK,d Rate, Report

t4Sem "1 ppm ppb mVlSIIE} I0 -2 llz a Ml'a,m It_ !0 "1° m.s"1 No.

Aged I (;1:_8 Specimen {ih,at No, 68} Containing 27,8% Ferrtte
O, 1:1 6,2 0 258 :1:12 0,95 7.7 12 26,0 i ,30 <0,02 93/2

0, 16 5,3 0 240 317 0,95 7,7 12 :15,0 1,75 0.42 9:1/2

O, 14 7,0 0 242 290 0.95 7,7 12 36.9 1,85 4,B 9.3/2

O, 13 <0,002 0 --560 -580 0,95 7,7 12 :16.9 1,85 <0,02 9;I/2

O, 18 0,3 0 198 24:1 0.95 7.7 12 :17,4 1.87 0,93 93/2

O. I I I, i 0 2 i 6 260 0,95 7,7 12 37,8 1.89 1.4 93/2

O.11 0.9 0 206 257 1,0 0 .,. :17,8 0 <0,02 93/2

0, I0 7,2 0 247 301 0,95 7.7 12 52,5 2,62 11,3 93/2

Agedg CF_H Specimen (Ileal No, f_tH}Containing 27.8% Ferrtte
0,07 4,4 0 256 280 0.H0 7,7 2 :10,9 6, 18 3i .9 93/27

0,08 4,3 0 237 24:1 0,90 7,7 2 "I1.3 3,13 5,4 9"I/27

0,07 4,2 0 247 301 0,70 7,7 2 32, I 9.63 53,7 9:1/27

0,07 4,5 0 252 :1:t7 0,30 7,7 2 :I:I.0 2:1, I0 157,0 93/27

O, i I 0,43 0 205 2 IH 0,90 7,7 2 33,6 3,36 4.2 93/27

0,07 0.80 0 214 223 0,70 7,7 2 :14,4 10,32 32,4 93/27

O, I l 0.50 0 205 21 l 0,:I0 7,7 2 :15,8 25,06 191.0 93/27

aCompact-tenaton t, pecimen_ were Ihbrl('aled h'om Ileal NcJ. F5524 {o,TrCT} and fr(ml fleets No. P2, 68,
and 7B (|TCT}.

bp(mltlve J_awtcx)th waveform was used,

CStresm Intenltlty, Kmax, value at the end (Jr ¢'a('h tllne period,

daK m Kmax[l - l_J, where the load mtI{)R = Kmnl/Kmax.
eSlne waveform wa_ treed.

fSpc, c'imen_l aged i'or I0,000 h at 400"C,

g-S[x, clmens aged for 90,0(_ h at 350"C.

As mentioned previously, thennal aging embrtttlement Is caused by precipitation and
growth of a Cr-rlch ix' phase, a NI-- and Sl_rich G phase, M23C8, Y(_:_ustentte) in the ferrlte,

and additional precipitation and/or growth or existing carbides at the ferrlte/austenite
phase boundaries. These compositional changes Increase the tensile strength and
decrease the impact energy and fracture toughness of the steels, where, in general, the
Mo-free grades {CF-3 and --81 are more resistant and the Mo--bearing (CF-3M and -8M)

grades are less resistant to thermal embrittlement. The tensile properties 35 of the various
steels In the as-received and thermally aged conditions at 289°C are shown In Table 8.

Tensile properties of wrought Types 30442 and 316NG 43 SS are also included In the table,
To determine whether corroslon-fatlgue behavior of the steels in high-temperature water
can be correlated wlth the thennal aging characteristics, the CGRs under high-R loading

were plotted versus the square of yield stress Oy for specimens of the same heats under
identical aging eonditlons (time and temperature). The limited results In Fig. 23 indicate a

linear relationship between the CGRs and ely 2 111 water containing 4-8 and 0,2-0.4 ppm
DO, within the uncertainty of the experimental data, Data for wrought grades of Types 304
and 316NG SS are also ihcluded In the ['igures (solid symbols), 44
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Figure 22, Corrosion/atlg,e dala Jbr as, received C/_-J, -o3M, and .....8M and aged CF-SM

and 8 casl SS In tvah'r contaOlItlg 8 (lifo arld 0.2 (righl) ppm DO at 289°C,

DiagorlaI lines correspond to crack grolvlll In air in _'ctlo¢! XI o! l!le ASME

Code. Dashed iows Illdk, ah, predictions from a corrt, lalior! for wroug!![ SS. 'I I

Table 8, Tensile properIies o1"tz,rolfflht and cusl SSs at 289"C

TI me Te ml). ou Oy t'_ l,b_=_ Hh
{hi ("C) (MI'.} {Mlht) (%1 {%1 (MPal

304 SS 30956 S¢lhllhlil-Alilli, iili'd 512+0 152,0 53,0 77,0 679.2 42

CF--8 68 As--t'le¢'eived ,112.3 156,,1 37.9 60.6 (;75. l 35

CF--8 68 I0,000 400 475.6 176.7 34.4 47.6 8(]8.9 35

, ,) :lCF-8 68 3( ,000 50 427.3 190.4 25,3 41.7 9:]6.4 35

316NG P91576 Sol==llo_An_wa]ed 466.0 142.0 29.0 64,0 II17.2 43

. , ,)28.,l 35C.F-SM 75 A.,i--Recelve(l ,174 H 191.5 30 5 45.0 ¢ '

CF--SM 75 I0,000 ,100 Ii30.,l 208.2 23.7 31.4 1781.4 35

CF-SM 75 30,000 350 615,9 2(J,l.,l 23.0 30.2 152/"1,3 35

"l_edu(,tlon In area.
l) ( 1,Straln-.hart.nlntl c()t:'ft(,lenl ;11 = (Ou- ¢_y }/rI.

25



10,7 10 1 r--_---r - _"

10 8 R,, 0.00,ON t0 _D R- 0 90-O_
^K -,,*_.:)IVlPa,m_/_ ^K. =I-3 MPl m_I_

.,,,,.
O_t.0,;_.0.4ppm

'O I 0 _9 OR ,. 4-apprn | o n __ ,;_ I 0 '0 u

10.10 10.10 U U

1011 o CI_e _ O_t| o CF4
n GFeM _ i a CF41M
• 304flS s 304Mm 3t_A_t U

04 I _o_ ' 04 , 'ob
Oy (MPa t) ay (MPs I)

Figure 23. Depen_nce of CGRs of as-recei_d arld tl_rmaillj aged CF-8 arld -8M
cast SS on yield stress of the materlals at 289°C un_r h_h-R load_tg In
water coniatn_g 4-8 (left) and 0,2-0.4 (rlghO ppm DO, Solid symbols
denote wrought "l_l_S 304 and 316NG SS,

In the case of pure mechanical fatigue, where environmental effects are absent, the
CGR da/dN (m/cycle) can be written as 45

d_ = (¥f_y)rp cocodN r (3)

where 71"and "frare the the average plastic strain In forward and reverse slip, 0 represents
the favorably oriented slip direction within the plastic zone, and rp Is the cyclic plastic
zone size, 48

rp= _ 20y J [ 41

and aK = Kmax - Kmln and oy Is the yield stress. The time-base CGR da/dt (m.s-l) is given
by

", ".('/=
"_"= d"Nt _J tr 3n_ 2oyJ (5)

where tr Is the rise tlme (s) of the positive sawtooth wave form. When strain hardening of

the material Is consldered, 4s the CGR compensated for strain hardening can be written as

d.. d.i, 3
H_-_-=rm_j= tr(l_-R)a_ (6)

where {3is parameter that combines several microstructural and geometric factors, R Is the
load ratio Krntn/ Knmx, and H is the strain-hardenlng coefficient

(7)

where Ou and Oy are the ultimate tensile and the yield strengths, respectively, and et Is the
total strain at failure of the material.

26



in the a|)sence of any envlr()nnleJllai elTect (_n ¢_r.¢,k growth .t a constant rise time and

AK In the Paris regilne (power i.w eXl)Olteni E)r AK of _3), E(I_ (i Indicates that the stralll ....
hardenlnR-compensated CGhLq, Illda/dt), should dr('rease as the yield strenRlh increase_

followlnR a l/oy 2 dependetl e, i.r., . loRarlthllllC plot of II((hi/dI) verstis 0),3 would have a
slope of _1, AllhouRh (htl. ff)r Ihe (h;pen i(zlt¢ oi CGI_ c_Jlyield, lrtss nee sparse, C(_,I_
(compensated for the straill htlrdetllnR hch.vlor) o1" .ii ()._cr O._Mo-O_2_V steel wllll
different heat lre_llmellls, wlll(!h pro(tu(.e . r.JiR¢, ol ylel(I slreliRl|l_, f(flh)w Ihls lyl)e of

dependence 113air at al||l)telll tenltJeraltJre_ 4._.'t7

In tile preselr_i tesJts o11 as received alld I|ierntally aged caKI 55s 111hlRlt,, letllperalljre
oxyReiialed water, Ihe slraltl_hardeninR_ competl_.lrd CGI_ tetld to Im, reasr as itle ytrld
alrerlglh increases, as shown Ii1 FIR. 24, The lilies o11 ea('h plol i11 FiRs. 2:5 and 24
represerll a slope of 1, wlik_h tlldl¢,tlte Iha! Ihe (_(;i_s ix1oxyRell.led w.Ler, as well as lhose

cOrllpetlsaied by the _lralll- |111rdellltIR coelTl(,let11, tire' proportional to dye, III ¢.oltlr._t io

1/Oy 2 In the case of l)tire 11|e(?tliilll(,itl li111_11¢'()l' Ihe [errill(' _I(.t'l Iii .Ir

_,,_ _0 _ .......... _

II _ ..................o° _' l,_......................i_

I0 O _ tt (_ _.IO

O 3f_4 %_ t 1 H_Nfi

_0 v l ............. ] _)_

(}4 n _ (MPm_) _()'' _ ,_ I (Mpi|) _o_y Y

_"l_r/llr(_ 2'|. l_;'p_'_lt_t'_l('_' Q[ _lrtJ_ti ]l{ll'(I(,tltllfl ('()I;li)('H_(_I('{I ('(;1_ Q]' tl_ r/'('('|Lq,(l t_tl(l

(tl(,rlllttll!t {l.{/(,d ('/" H (lllti[ _/%| ('(i._t ,_.,%oli !tlt'ltl _|r(,_ (_] Ih{' nltli('r_li[._i (1(

2_f)_'(' illl{|(,r Ill_th I_ I(_(l(i[lll_l Ill ll,tll('r ('ollttlill{ll_i ,1 H (It_]'l) tlll(l 0.2 0.,| (ri_th|)

pl)ltl 1)0. _(pli(l .'_!tllit_)(_ln (i[t.tl(_lt, I|,r(_ll_llll "l'llp('_ 30,1 fill(it 31(iN(; SS.

Fril('|tlre il|t'('|lillll(,_ (_(_R t(,sl_ ill_( . 11! iAri)_F(._ (|11 ()lht'r II('ill_ ()[ (!i!s| SS {(t (lelerlllllle

Lhe effects of |ht, rlllill il_tll_ (ill ('()rr()_i()l! l_lIt_|l¢, I)(.|l{iVlor ()Vt_l i! wider rillll_t" o[ Ioii(lll|_
('Olldll lolls.

4 Irrsdlatlon-AsslstedStress CorrosionCrackln of Austenltlc SS _

In recent years, fall|ires (ff rea('tt)r('c)re lxtt(,rtial cotnptmetils in both lJWI_ axid PWIL_

have Increased after il(,(.tinltiliitl(m (}1'relallv_.ly lll_h llut, lt('e (>5 x 10_O ncln '2, !': >! MeV),
The general pattex'xt of tile obs(.x'v(,(l l'i|lltll'e_ !!|(llt'illt's It|ill il_ lltlClelir |)hltlt_ age ill|d

lletllron rltlell(ye lll(,retlSt'N, vilrl(}ll_ ill)t)Ilrt'lilly lloli_('IINlllzt'(l _lllStelllll{' SS_ h¢'l'Olll('
StlSCeptlble to llltPr_rlillt.lhlr f;itlttrt., _%(}lllt.t'l)llll)()llt'llt_ (t,._,, liWR t'olttr()l t)hlth, I|all(lle {ill(|
sheath} are klloWll to hilv¢, t'r_t:kt.(l tlll(lt, r lllllitlllill al)l}ll('(I slrt'ss. Although 111o_1falle(I

coml)Ollell|S Call |)e rt'l)l_l('(.(l, S(llllt, ._;lft,iy _J_llllJt'illl[ .%lrll{,ttlr_|l t'()lill}Olit'lllS, Stl('ll ll_ Lilt'
IiWR lop glll(|e, _tlrot_(I, _lll(t (.()lt. i)l_i_ ., wot_l(l he v{'13, (llffl(,t_l( or ll_ll)ra('ll('al |o r(.l)la(,(..

27



'r|1(,r(,fore,tllr_Irlwtllr_ilititi,_iit)_,_Itli_,_,_4Jilll_tlf,i|i__!lt¢,riwl_iiiiillhltI(!ilof high rhiPIiCl,

|1i1_ bPPil ii _zibj¢'_'I ¢Ji c',_ll_'_,rll, _zlt(i ,'xI_'ilSlVt' tt',_i'il/{L'll hii_ bi'_li t'i)11dlWtt'd I() pr(JvtdP it11
llWldcr_ltindtlzK (il itli_ type, _Jl dz,_t_idiitilJtz, wtlt¢,h I_ i'()illlllliIii_ kll(iWl! tl_ Irriidlutlon.

IIiIII_111i(Ii!Ilili_,IIiVq'_ll_izI_I_bi'_illl_iIilil)lii_II_'IIllp!irlii_.__I1_'Iz_I_51, P, 1111{i5 in

IA_('{" filli|irr c)i llii, l ('hidillli_ lili)iwliti,_l Ir, mi _illithJli i11111¢'iih'd lltil1_i'11_ill_r¢l ittlst('itiil('
_.lx 52 _llll', b lilt'It, II _l'I'lil_ thill 1t1,' t'iii!l'l'pl Ill slilii'litlr I('_t_tilIlt!(' (}I III' lllitlPrhtl_ ()[
SS_ hlw I1i _1, I', 5, _ti1(t (" II_im pr_lvl.¢l v,_ll{l itil¢'l 1|i(. I_w_r_tl)i_. i'xltl.t'h.IWl" wllh lIP lylir 34H

5B flt_'l i'ht(h|ll!_ II1 II1_, 1_t |'lt!_r ItWI< r':i _t1111!lit. _lil}_[,itlst'lil (h, lti_ill_lritliltlI i:_i _tti)rrhtr
prrf(mtittlli'r rlf I|tl" h_w N II1' :VIH _ ithH liiilll _wi'llilt!_ Iti|)i' lt'_tm Ill tl IIWI( ittli| t'WI4. 54 _5
All|l(lit/_h Ilitlil wl'I," VI'IV IillIitud. l'l'niliI_ Ir,illl ii liilIlilIIli!l V _ll)w _triIIli riilt. It.lt_llP (BBICI'}
lr_l_ 51_ill,it _lt_t._t _Iiiit.rtlil !!,'l*h}lllt_llll l' i_l IIli' _illlii" t!1' hI,ill eli 'l_'l_l" :t.|H 55 Itivl'_llt_lttP(l

Ill I_rf_, 53 55 Tilz, l)i.l!t.l lwti_tlli_tl_r n_,utli!,d !_ lililli_illl ' !hill ritllt|lth)lI II|(Ittl_l'(t
_¢._l'P_,iltlllt IriS) ui _1 1_ ltw l_li._li_liltttliitl I)ltit t'mn, Iw( itll_I' I(IS l)l (ilhl.r IlllpilrlllP_ itlllI (,*r

(telll_,lmlI tll fill, tIP itlld {!!' "!"VIw :ttH _ wi.t!, t.tlli_.l nllltlhtl lil i*tillhi I!til bz' dl'li'cl_'{i lty
Ii¢,hl I'IIIi_hill t_Illt _l'illilitlI_ l lilll_tlllnnlllll l'h_*l!_ii liil_'ll_l'_Hiv (i"i'.'(; S'I'I';M}< r_ll II hil_ itl_(t
be('li l'epUrled lIltll i'.vllz" :!]lii. _, tr|_l_lli|l(._i 11i lilt, liIixi-d mpl.l'lrtllli Adviili_'z'(I Te_i
Rl'ill'llir (A'I*R), ¢.x|1il)ilt, it lwtli, l_ lt'ni_lilltl't' Itl S('(' Illitlt 'I_'Iw 3ltiN(; _S. _7 ill(|h'tllll|_ it
p_l_tt_ll' tll'l|_Itl ilt lilw N. ()it 11i1' l_tmt_ ill |ttl_ _',_lll'll¢'llii ' wllll 'lyl,'_ :i.iH illlll _IllI _B, lIP
'I_pt' 304 S_ tlil_ liPi*ll _|tt_I'M¢'Ii ilm il twllrr illlI'lll_|llv(' I. (:P 'I_'p_' 3()'1 55, whit'h Ilil_ l!1'¢'II

i_h'i'('illly, ,Jiit'lit)m l_'l)l_rlrd 1t1_il IIWR liriiil_li ilbn_rlwl lltbi'm i_(: AT, %tbh' _.)) litl)rti'ilil,(I
II_qll till_ lIP tlz.iil _1 'l\'!w :_().| _ IIIt';t(),t ('!), 'r_it_h, !tl Iwlti_IIIlrd bi'tll'r lhizll _tl!tihtr
I'Iiltllll'rl)ilrl_ I*ttttrh itlt'(t II_tllI (II' rVI w :HI| SS iitilli'lhi]_ l_!l_lrl _'_1t¢1i11(_11_tti Izmwrl.vlt'_(|

wtltrr t*ll¢'lill_l _,r_H

_,(_n(lll¢,il.(I {ill Nl'V!'Fiil ,_!Ill'l ItWI{ ll!'lllll_ll dtin_llwl Illht'n illtl!i'illl' lllill 5('(' rl'_l_lii!Wl' itf

will1 I111_ (ib._l'P.'itli(Ilt tiitvi' ,lIn_ !wi'ti IrlHut_'li I,_1 TVpI' 3().1 S_ _lwrillii'll_ irl_illtillt'd lt_,
_tlhi, r lli_IllllIIl_, Iil t11ti_,!'_ ill lil_l_tlm ._i ]"IWIt'IIili', Ihr tnmtl¢' _tl millll'tiltl pi'l_fiH_lllt!lli'¢ ' Itl

lIP lllitl¢'r!illN illl(I lhi, 111I,¢t1_11ti._111_iti IA_('(' _ll_l_'itr I_ b(. lilt lrlHll ¢._lIlhll_hu(l
N¢.v¢.rl|ll, h,_N, _tlll, lllllH!llitllI p_tlll _l.1.11tnIll I}I. ittlilt, t,ll, Itl_i IItiil i_, It¢,ill Iti h_ill vitlllllttlll tll

NIINI'I'I)Itl)IIII Y lii IA,_('(' l*it!l tw mtI_!illh,lll!, I'vf'll ,llll_l|I_ 11]' Illilli'lhll_ l'lil!liIilllllI_ virlllillly
IdPIllh,itI ('|l_'litlVill Vttlltl)(lmiii{liin 'lili._ _l'l'llih Ill I_it_I NI'I_iIIIt_ lllililil litji liltI_ t)ll Ijl¢ rttll. Ill

_lrillll |IollllItill)' s_'_H'l_iillinl Ill lllll)|tllllrn Ii I', _1, I', iir SI t)iti ,lln_ !_il I|1_' llr_'l111_r II1i11 (?r
(|_'l)h'!h)ll i_ lh(' p111!1itW II1¢1t1_tlli_111_1 iAS(_( '

!1t I|1¢' l)r¢'_l'lit nllldy, il i'_llll)illilllvi' i111111ymiNuf I_riltll ll_llllclill'y iiiI{'rl}v|irlnl_iry Wil_
c()n(lll('l_d i)11 il iil|l(liti' ptlil ill I}WR lli, ilil(lli i|l)mi}l*b¢'l IuI)¢'_ ill Vll_llillly I(|YIllK_ill i_'h_llll¢'|ll

('(i1111)o_1It(111t)lil ¢oxlli!)illli/_ il ml_llllii,illll iliili.lO¢.lll,¢. 111_ll_Wl.l)llblltI _ 1{) IGS(:C iii SSIi'I" iP_[_i,
(}lie (il* l||e I1Plllr(ill ill)_(trl)(.r llll)¢.N (_(I KI', 'ritl)l_ _i) wits l_tl)rl{,i|l¢.(| 1'1_11t1|llle lip hPtll

(ttP304 CI)), wlll{,|i ¢,Xtll!)lli,(l ,_lilwrmr Ill r¢'il¢'t¢ll* I)i, rl_(lrlllillWt . r¢.l}()rl_'(l liy Jtl{'ol)_i el ill,; 5H

Ihi' (ttt:lPr lll'illl+llll ililNlil'i}t.r Ilii)i. IV Kr) wll_ llillll(,liti,(l I+r(illl ii _llllliitr lip Ill, ill 1111_30,tA)

I)lil (,xhil)til,(l li r_,hiiiv_,lv hll_li _l_'_,l_iil_iliiy 1_ I(ISW(" iliirilii_ _lt'l' ll,_l_ _ti, tt_) SSIfI' I_itl
lil(li, tii, ii(l{,iil (if lti_)si, lil ltl, l*s _{i iili(I ti() wi'ri, t,i_lidiictt,(l t)ii t)lllh liiiili, rliilm iilid ltii, r_illlt
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|showed that IGSCC _tim'rptlhlllty of ttte furl|tee m.trrl_l IgC-AT) wn_ lower thnn that of tttr
latter [V_A_ for a mltnlhtr Iitience level' (_hcmlc.i t'tJttlposlttoltS of tile tWO material# were
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4.2 Effeot of Orlln-Boundlry Mlcroehemlltry (H. M, Chung, W. E. Ruthor, nnd
J. II. hneokt)

4,2,1 Bffeoto of Sl, P, and 9

In Fig, 26, the percent IGSCC from the SSRT tests In water has been plotted as
function of grain-boundary concentration of _1 and P. Data for grain-boundary segregation
of Sl, P, and other impurities have been reported In Rels. 59 and 60. In the figure, the
depth of !O-fracture penetration, produced in hydrogen-charRed specimens In vacuo at
25°C, has been also plotted. The X(59.eV) peak shown In FIR. 26C Is produced by the
secondary Auger electrons of LI and NI, A more detailed analysis ol the Identification of tile
peak Is _ven below. No evidence of segregatio== ,)f S was observed. 6o

00 _-r'_--_'__"=_ _00 _0o t ...... "...... _'°__" ...... .--._-.- _00

e0 [ o _ 0_, _v=u j,u i ,0 _ 80

_0 o i 60 _0 O _0

,o --. o ,o ,o

_0 _ %(tKc J;t0 20

OlON_Iry |i Conoemreiten (_4%) Ortk,.=ounM_ P Conoemreiton(_,%)

•-- !!i,0
0 _0 _00 _0 .tOO _[t0 _00

No_milii_d inle_illy of X{|O,4V)
Oh_rlIN lousily

Figure 26, Percent IGSCC (n wat_ arld dc,plh q]' IG ,/i'_ctt_re perletra_on in

hNdrog_.charged spe.c_'ner_s, .]'rac_¢=redat 25"(_ in vacuo, as a funct(on
of gra_-boundar_/ segrega.on q SI (AJ, P (B], _d X (59.eV_ (C).

Ftuence level oJ"the specimens wu._ _,2 .v tO21 rl,cm-_.

No good correlatlon was observed between the susceptibility to hydrogen-enhanced IG

cracklnl{ and graln-boundary concentration of SI or P. Percent IGSCC in water decreases
monotonically for Increased graln.boundary concentrations of $I, P, and X(59-eV}, It Is
difficult, therefore, to explain the slgnlflcant IGSCC In the HP absorber tube specimens or

the negligible SCC susceptibility of the CP sheath specimens on the basis of graln-boundary
se_re!_atlon of Sl, P, or S, The present results show convincingly that graln-boundary

segre_atlon of SI, P, or S Is not the mechanism of iASCC In Type 304 $S, as has been
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speculated tap to now. Furthermore, the results also strongly imply that low Sl, P, and 8
content Is not the primary factor associated with the superior resistance of the HP
1:vpe 348 SS reported in gels. 53-56,

4.2.2 Effect of Cr Depletion

Minimum Cr content on grain boundaries of tile CP and lip absorber tubes and control-
blade sheath was detennined tronl AES depth prollie data, and the values were correlated

with percent iGSCC In Fig. 27. iil the figure, similar results obtained from the FEG-S'I'EM
technique 5_,tt5,oo are also plotted for COml)arison, The latter results were obtained o,1
SS_ spectnlens tested 111slnlulated BWR water colltalnlng 8.32 ppm of dissolved oxygen.
For a better comparison, the percent iGSCC from the present SSRT tests in water with
-0.3 ppm dissolved oxygen was extrapolated to an oxygen content of 832 ppm according
to the trend reported by Kodama et al_o4 A comparison similar to that In Fig. 27 has been
discussed by Bnlemmer et al. 07

100 .......l r,-', I, i , T"l ' i _ '_I_'! "1 '_l°r_l"T ' .....

80 A_'_,J_t_ " m
e_tra_,,.,i,_t,:d _ .... "' c ......llt,,,FEG/STEM/EDS

', dissolvedoxygen
. t,c,_t :32pt.,r_, ,o 8-32pore '_9

60 AES ^ ^ , ,t, •
03 ppm

40 o Asano,EDS (:
m Jacobs,EDS ^ ^ ^ **

20 _O Kentk,EDS
t, thisstudy,AES,03 ppm

......t this study,AES \ _J ,-_
- extrapolatedtO8.32ppm

4 6 8 10 12 14 16 18 20 22 24

Grain.Boundary Cr Content (wt.%)

Ftqure 27, Percetll IGSCC frott! SSRT tvs/s vs, m/zt/mtznl
grain-bourtdarlt Cr content determlrted from AES

arid FEG .b"l'l:;MtltlalUsvs of BWR cotnportent:_

Results of analyses by the two techniques appear to be consistent except for the liP
tteat HP304 A. In which the Cr depletlotl profile Is extremely narrow and deep according
to AES. A more direct comparison has been reported elsewhere, n° Figure 27 lends Itself
to several Interpretations; one Is that present-generation FEG_STEM referred to in Fig. 27
has limitations In detecting Cr at a concentration of <14 wt.% within ,.1.5 nm of a grain
boundary in BWRlrradlated materials. This may be because of several inevitable limitations

associated with the energy-dispersive spectroscopy (EDS) technique In present-generation
FEG-STEM, I.e., effects of Imperfect grain.boundary alignment (l_nm uncertainty from 1°
mlsallgnment In a 57-nm thick film), the relatively large beam size (=2,5 nm), Ba,°t) beam
broadening, 8a.6o the effect of the Cr203 surface layer, and fluoresced Cr X..ray, 5a Because of
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these limitations, practical resolution of the present-generation FED-STEM-EDS analysis

should be considered close to 3.5-4 nm. The resolution limit can be greatly improved by

utilizing the technique of electron-energy-loss spectroscopy (EELS) instead of EDS. 69 AES

data can also be infh_ellced by oxygen contamination from the microscope vacuum
environment.

Without a proper understanding of the limitations of the techniques and uncertainties

of the measurements, and In the absence of a more convincing database [e.g., data from

EELS in a next-generation FEG-STEM), tlle role of grain-boundary Cr depletion cannot be
determir, ed convincingly at present. Based on either FEG-STEM or AES data, Fig. 27

suggests that for <30% IGSCC, susceptibility is influenced significantly by Cr depletion.

However, the seemingly strong increase in percent IGSCC despite the nearly constant

grain-boundary Cr content of =14-15 wt,% (FEG-STEM data) Implies that an unidentified

process other than Cr depletion plays an important role. According to AES data, Cr

depletion plays an impo_'tant role even for >50% IGSCC.

4.2.3 Comparative Analysis of Similar High.Purity Heats

To provide a clue to the question of whether one or more unidentified processes play

an important role in IASCC, a case study was conducted using absorber tube specimens that

were fabricated from two virtually identical HP heats (HP304-A, less resistant to IGSCC

during SSRT, 59,* and HP304--CD, more resistant to IGSCC/SSRT)* irradiated to a ['luence
level of =2.0 x I021 n,cm -2. The rationale was that because St, P, S, C, Ni, Cr, Mn, and

fluence levels were similar in the two heats, grain-boundary concentrations of these

elements and irradiation-induced hardening should be similar. "I'l_erefore, it should be

relatively easy to identify other aspects of grain-boundary chemistry that could be

correlated with resistance to IGSCC. The two materials also exhibited a surprisingly large

difference in their susceptibilities to IG fracture in vacuo after H-charging (see Fig. 26C).

In contrast to HP304-CD, it was very difficult to produce IG fracture in vacuo in H-charged

specimens of HP304-A, a trend opposite to susceptiblliiy to IGSCC in water. Grain-

boundary Cr depletion in the two specimens, determined by AES depth--profiling, is shown

in Fig. 28. Not surprisingly, Cr depletion in the specimens was siinilar because of a

virtually identical chemical composition and similar fluence.

Grain-boundar,, segregation behavior of Ni and impurities in the two specimens is

summarized in Fig. 29. In the figure, segregation behavior of Ni, St, P, C, S, N, X(59-eV),

and B can be determined by comparing intensities of the elements on ductile (denoted

"D"} and intergranular (denoted "I") fracture surfaces. The left- and right-hand columns

of Fig. 29 show results measured on HP304-A and HP304-CD specimens, respectively. In

Fig, 30, duplicate results obtained l'roln another specimen of HP304-CD are shown.

Whenever grain-boundary segregation is clearly Indicated for a given element, a horizontal

line shows the average intensity of the element on grain boundaries, e.g., Ni in HP304-A

(Fig. 29A). In the HP304-A specimen, only Ni segregation was evident, In the HP304-CD

specimen, grain-boundary segregation of not ollly Ni but N, X(59-eV), and B was evident.

Figures 29H and 30D indicate segregation of C in the two specimens of HP304-CD, but the

evidence seems less convincing.

* A. J. Ja('obs, General Electric Co., privtite ('omtuut_ic_ttions, 1993.
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Figure 28. Comparison of grain-boundary Cr-depletion
profiles determined from AES analyses of
HP304-A and HP304-CD absorber tubes
irradiated to 2 x 1021 n.cm -2

4.2.4 Identification of Li on Grain Boundaries

To identify the X(59-eV) peak, Auger spectra were obtained from several types of CP

Type 304 SS specimens, i.e., irradiated, nonirradiated, and corroded in liquid Li (because
this element, which is produced by thermal-neutron transmutation of 5B I0, may contribute
to the peak). The results are summarized in Fig. 31. The X(59-eV) peak was observed in

Auger spectra obtained from: (a) irradiated Type 304 SS BWR components (Fig. 31D),
(b) nonirradiated Type 304 SS specimens that were corroded in liquid lithium at 600°C for
144 h (Fig. 31B), nonirradiated Type 310 SS containing 20 wt.% Ni (Fig. 31C), and (c)
nonirradiated Type 330 SS containing 35 wt.% Ni. The characteristic shape of the peak
observed in nonirradiated Type 310 SS was somewhat different from those observed in the

Li-corroded, nonirradiated, and irradiated Type 304 SS specimens. The peak was absent
in nonirradiated specimens of Types 304, 347, AISI 3340, and martensitic SS, as shown

more quantitatively in Fig. 32.

These results show that at least some fraction of the intensity of the X(59-eV) peak

observed in specimens of HP304-CD (Figs. 290 and 30G) is due to Li. Results in Figs. 29A,
29E, and 30A show that Ni-segregation ratios in the HP304-A and HP304-CD specimens
are virtually identical. Because the bulk concentration of Ni is virtually the same (i.e0,
9.45 wt.%; see Table 9), the grain-boundary concentration of Ni in the two specimens
should be similar. Accordingly, it is difficult to attribute the large difference in the
intensity of X(59-eV) between HP304-A (Fig. 29K) and HP304-CD (Fig. 290) to grain-
boundary concentrations of Ni. The segregation behavior of X(59-eV) (Figs. 290 and 30G)
and B (Figs. 29P and 30H) in HP304-CD was also similar. Therefore, we conclude that the

X(59-eV) peak observed on the grain boundaries of HP304-CD is in fact the secondary peak
(-58 eV) of Li, whereas the primary peak of Li (-43 eV) was superimposed on the 47-eV
peak of Fe.
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As was mentioned previously, 1,1 Is produced from transmutation by thermal neutrons
of lOB dissolved In the BWR speclnlens, l.e., lOB[n, lte)7Ll. The cross section for this

reaction Is large, l,e., -3840 barn, Natural B dissolved In the absorber tubes Is composed of
19.8% lOB and 80.2% I1[]. Itowever, it Is not clear If one can rule out the possibility that
some of the LI atoms detected In lilt absorber rod tubes came from the B4C absorber that Is
enriched 111loll.

Boron In ausienlttc steels Is knowt_ to segregate strongly to grain boundaries by
thermal processes. Therelore, grain boundary concentrations of B, and hence LI, could be
Influenced during fabrication of the absorber tubes, even If the tubes were extruded from
the same starting material. During slow cooling of thick sections (e.g., a BWR top gulde),
thermal segregation of B Is likely to be more pronounced. When segregated I°B transmutes
to LI and helium, 1,1will be scattered away from the vicinity of grain boundaries because of
recoil energy from the trazmmutatlon. In this situation, 1.1 In the HP304-CD specimens
segregates In significant quantity to grain boundaries via a RIS process because the grain-
boundary regions are relatively rich In 1,1. l,lthlurn segregation In HP304-A was negligible
apparently because the bulk concentration of B was lower (Table 9) and B did not segregate
to grain boundaries (Fig. 29I.I.

4.2.5 Grain-Boundary.Segregation.Transmutation (GST) Synergism: Effects of N and B

Based on the grain-boundary (!t'l_letloil and segregation behavior stlown in Figs. 28-30
and the bulk chemical cumpuslt|ons given In Table 9, gra|noboundary concentrations of
alloying and Impurity elements In the HP304_A and IIP304-CD specimens have been

calculated and plotted In Fig. 33. The grain-boundary concentratlorts were normalized In
the plot to facilitate an easy comparison for the two materials, with actual numbers given
for each of the elements. Figure 33 shows that grain-boundary concentrations of the two
materials are wrtually the same except for N, 1,1, and B, Grain.boundary concentrations of
Cr, Nt, SI, P, C, and S are similar. Therefore, we conclude that higher concentration of N

and lower concentrations of LI and B on grain boundaries are associated with the higher
susceptibility of the ltP304-A material to IGSCC dtlrlng SSRT tests.

The exact mechanism by whlcll hlgller N on grain boutldarles promotes IGSCC Is not
clear. However, segregation of N will result In a higher concentration of hydrogen In a

grain-boundary crack-tip region becatlse of the transmutation of N to hydrogen (proton) by
thermal neutrons, l.e., 14N(rl, p}14C. The cross section for this reaction Is ,,1.83 barn, The

mechanism whereby a higher LI concentration on grain boundaries Is conducive to lower

susceptibility to IGSCC Is also not clear. Lithium, however, can trap hydrogen on grain
boundaries.

The present study Indicates that a synergism between grain-boundary segregation of
Impurities IN and B) and transmutation by thermal neutrons ("GST" synergism) plays an
Important role in IASCC. It also suggests that the relative Importance of grain-boundary Cr
depletion may be not as great as previously believed.
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5_ Environmentally Assisted. C.racklng of Ferritlc Steels.-- " ........ _J _£ _-- L ---- i rITI __. " .......

Over the pasl 15 years, tlw ('(wru_h_ll latit_le lirot)ertles (}1 h)w alh)y sleels In LWR
prlmary-syatem wuter (,henltslrle,,t hlive tw(,ii stutllt,(I extett_lvely. 7(I 7:1 Milch less

lllforinatlon Is flvilllable ()it SCC o1 tiles(' Itiatt, rlals, 7'1+71i llet,atlse 11 Is ('lear Illat very ]ll_]i
CGRS ctln o('t'.tir Jl! S(,)111PIntlterhlls (trifler s;)tnt' t;OllibilllltiOll.',l (il" h)attlng ll!l(I ellvll'otllllellt,

the objective of the ('tirrelil w(Jrk Is tu iwttt.r (h,llllt, ttle i'lrt'titltstaiii,es that ("till prod(ice
SCC In these steels,

5.1 Technical Progress (j. v. Park)

Frtlcttire-.,nie('hlitlli, s (7(1It tests hlivt' t'olitlliiied Oil IT t'tlllilllit't tt'liSloll SlieCllliellS
from low _ arid medlillli sillflir (,olil(,nl tit, illS (0.004 lill(I (I.(il8 wl.%l of A533-Gr it

pressure vessel sleel and ii illedliilll ,,,trill'tie (,(llitt, lil (0.()14%)Al()ii Gr B lllpliill sit'el. Olle
o1"the A533_(]r t_ Sl)ei'lnielis was NI (Tr llhiied 1o t)eller Slliiillatl' ii clad I'errllli" sit'el vi'sm;l.

where only Ihe low iilh)y sit, el Ill the i'l'al,k siir|'li(,(, Is eXliUSi,d Io !lit' i, liVh'¢lliillelii. Siirflicl,
[lhns on the Nl-Cr lind Oil NI- aiid Au lihiled SlleClliieiis ivsied linJvhnisly ave dll'fert2nt
from those on the ilOiil)lliled l'eirllh" Slit.clliieliS, llecliiisl' vlriiililly all exlslllig diilli have

been ohlaliled Oli SliO(,llileliS wlthoiil clad(lliig, tl Is lliiporlali! Io verily lhiil Ill(tst' resiills
wore no! undilly affet,it, d bv Ihe i, hlirat'li, r i)[ lilt' siii'faee flhii.

CGR tests were eOlldtieled Oli tl sel o|" Ihree ctirboli sit, el spet_lllleliS JNllsl. C'1"VV7-O3,
02C-14, and CI'JTOIIat a higher load ratio,t.e.,R = 0.9. The (;olnposlti(m(ffthe steels

was Riven in the prevlollsrep(}rt.TM Spet'ilneimc'rw7-03 and 02(.."14 were prepared from

plates of a low- and hlgh--st_lliir A533 (lr tt t}rt, sslire vessel steels, l.e,, lteats No. A5401,

(0.004% S tlnd 0.005% P) alid A 1195 l (0.018% S alid 0,012% P), respectively, and

specimen CTJT-01 was fronl a Al0B Gr B piping steel, l.e, Ileal No. J7201 {0.014% S aiid

0,014% P). Speclineil 02C- 14 was phited with NI-CI' to Sliliuhile iiilSteliltlc SS cladding oil
a reactor pressure vessel and helit'e, Io delel'llillie the vlllldliy of liSlli_ data ohtlilned from
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_l_,.,,ll_l,.ll_ 17i3N'/ I1.3 _lll_l {,l',J'/ 111. Til,, {'{;it.,_ i_ _p_.(.mH.ll i)2(_ 14 l_h_ll¢.d _1_ _l [ulwll¢_ll
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6 Summary of Results

6,1 Fatigue of Ferrltlc Piping and PressureVessel Steels

J
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6,2 Environmentally Assisted Cracking of Cast SS
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8,3 Irradiation-Assisted Stress Corrosion Cracking of Type 304 SS

. SS_ tests and grain_botii_dary atl;|lysla by AES were conducted on high- and
commercial.purity (lip and CP} "l_,l)e 304 SS specimens from irradiated BWR
components, Conlrary {o previous beliefs, susceptlbllliy to IGSCC could not be
correlated with radiationoinduced segregation (RIS} of Impurities such as SI, P, C, or S,
but a correlation was obtained with gram_bo_mdary Cr concentration, indicating a role
of Cr depletion, However. grain boundary concentrations of Cr determined from
presently available FEG_ST[,'M-EDS and AES techniques are not accurate enough to
clarify the importance of the role of Cr depletion.

. Grain.boundary analysis was conducted on BWR neutron absorber tubes that were
fabricated from two tip heats of Type 304 SS that had virtually identical chemical
compositions and that were Irradiated to similar fluence level but exhibited a

significant difference In susceptibility to IGSCC during SSRT teats, Grain-boundary
concentrations of Cr, NI, SI, P, S, and C of the resistant and susceptible heats were
virtually Identical, However, grain boundaries of the resistant material contained a

lower concentration of N m:d higher concentrations of B and LI than those of the
susceptible material.
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• Boron is known to undergo thermal segregation to grain boundaries in austenitic SSs.
Therefore, grain-boundary concentrations of B, and hence Li, could be influenced

strongly by thermomechanical processes even if core-internal components are
fabricated from the same starting material. In slow cooling of thicker sections (e,g.,

BWR top guide), thermal segregation of B, and hence Li, is likely to be more
pronounced. This will be conducive to the suppression of IASCC under conditions of
similar thermal sensitization (i.e., Cr depletion).

• The present study indicates that a synergism between grain-boundary segregation of N
and B impurities and transmutation by thermal neutrons to H and Li, respectively,
("GST" synergism) plays an important role in IASCC, However, the relative
importance of the roles of grain-boundary Cr depletion and the "GST" synergism is not
clear.

6.4 Environmentally Assisted Cracking of Ferritic Steels

• Additional fracture-mechanics CGR tests have been performed on nonplated

specimens of A106-Gr B and A533-Gr B steel and on a specimen of A533-Gr B plated
with Ni-Cr. The effect of frequency on CGR was determined at a load ratio of 0,9 in HP
oxygenated (_-200 ppb) water at 289°C. The CGRs for the Ni-Cr-plated A533-Gr B
specimen were compared with predicted values from new correlations proposed for
inclusion in Section XI of the ASME Boiler and Pressure Vessel Code. The observed

CGRs were adequately bounded by the proposed ASME Section XI correlations.
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