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Environmentally Assisted Cracking in Light Water Reactors
l’.

H. M. Chung, T. F. Kassner, $. Majrmdar., J. Y. Park,
A. Purchit, W. E 7 uther, J. E. Sanecki, and W. J. Shack

Abstract

This report sumimarizes work performed by Argonne National Laboratory on fatigue and
environmentally assisted cracking in light waler reactors during the six months from
October 1991 to March 1992 Fatigue and environmentally assisted cracking of piping,
pressure vessels, and core components an light waler reactors are important concerns as
extended reactor Mletimes are envisaged Topics that have been investigated during this
vear include (1) fatigue and stress corrosion cracking (SCC) of low-alloy steel used in piping
and m steam generator and reactor pressure vessels, (2) radlation-induced segredation
(RIS) and irradiation-assisted SCC of Type 304 S8 after accumulation of relatively high
fluence, and (3] update of a crack growth data base for austenitic and ferritic steels in high-
temperature water. Existing data on fatigue of low-alloy steel in LWR environments have
been reviewed. Based on fracture-mechanies models and engineering judgement, interim
fatigue design curves are being developed that are consistent with available fatigue 1tfe data.
Microchemical and microstructural changes in high- and commercilal-purity Type 304 S8
specimens from control-blade absorber tubes and a control-blade sheath from operating
BWRs were studied by Auger electron spectroscopy and scanning electron microscopy.
Slow-strain- rate-tensile 1ests were conducted on irradiated specimens in air and in
simulated BWR water al 280°C Crack growth data on fracture-mechanics specimens of
austenitic and ferritic =eels in siinulated BWR water, developed in this program over the
past eight yvears, were compi'ed into a data base along with references that contain detalls
ol test methods, matertal compositions, metallographic information, and comparisons of
data with predictions based on the new crack drowth curves proposed for inclusion in
Section X1 of the ASME Cade
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Executive Summary

Fatigue of Ferritic Piping and Pressure Vessel Sieels

Plamn carbon steels are used extensively in PAR and BWR nuclear steam supply systems
as prang and pressure vessel materials.  The steels of interest for these applications
imclude A106-Gr B and A338-Cr 6 Tor seamless pipe and A30? Gr B, AS08-2. and
ASAS-Gr B plate for pressure vessels. Existing data in the Wterature on fatigue of low-alloy
steels i LWR environments have been reviewed.  Both temperatute and dissolved-oxy; .o
concentration in witer have a significant effect on fatigue life. In o ygenated water, fatigue
Hle depends strongly on strain rate; alternatively, 1 dependence on loading historv cau be
charnctetized In termis of lrequency or rise tUme.  For the same environment and struin

range, Hves can vary by a factor of 100, depending on strain rate.  When data are

extrapolated to strain rates characteristic of realistic reactor transients {often <1079 g1y,
predicted reductions in fatigue lile are by factors af « 1000 or more. However, the relatively
good service expenence of carbon steel piping in BWRs indicates that extrapolation: to such
low strain rates is unrealistic and that the ~fect of strain rate on fatigue He must saturate at
some evel, although no such sataration has been ohserved in laboratery tests ~onducted 10
da‘e Ongoing tests al ANL should tesolve this issue. Based on fracture -mechanies models
and engineering judgment, intertm [atigue design curves are being developed and are
consistent with available duto

Stress Corroston Cracking of Ferritic Sieels

Additional Iracture mechanies CGR tests have been performed on nonplated
speotimens of A106 .Gr 1 and ASS3-Gr 6 steel and on specimens of AS33-Gr B plated with
nickel chromivey, The effect of frequency on CGRs was determined at a load ratio of 0.2 n
high-purily exygenated (200 ppb) water al 289°C. The CORs for the nickel-chromium-
plated A533 Gr B specimen were compared with predicted values from the new
correlations propasced for inclusion in Section X1 of the ASME Boiler and Pressure Vessel
Code. The proposed Section X! correlations were nonconservative for data obtained at long
rise tnnes

Irradiation-Assisted S{ross Corresion Cracking of Type 304 88

Fatlures of austenitic stainless stesl (881 after accumulation of high fuence have been
attributed to radiation mduced segregation (RIS) or depletion of elements such ¢ 81, ®, 8,
Ni. and Cr. However, the exact idenlity of the elements that segiregate and the degrée to
which RIS produces suseep slity of the core iternal companeins of LWRs to irradiation-
nssisted SCC are unclear,  High- and comipercial purity (HP and CP, respectively) Type 304
8§ speciniens were oblatned [rom neutron-absorber tubes and a control-blade sheath
irradiated in commercial BWRs. SSRT tests were conducted on irradiated specimens in ar
mndd I simnlated BWR water at 288 € SOC susceptibility of the sheath was significantly
lower than those of neutron-ashsorber tubes fabvicated from another CP grade and from that
exhibited by two HP-grade heats of Type 304 88 examined o jrevious investigations.
Gramm-houndary segregation of impurities in the CP sheath and CP neutron-absorber fube
was comparable, except for an mdication of C segregation and a higher level of grain-
boundary Cr in the sheath material  SCC susceptbility of BWR components fabricated from







1 Intr ion

Fatigue and envitonmentally ¢ osisted cracking of piping. pressure vessels, and core
components i bght water reactors (LWRs) are important concerns as extended reactor
Ieiimes are envisaged The degradation processes include fntergranular stress currosion
cracking HGSCC) of austenitic stainless steel (SS) piping n botling water reacte s (BWRs),
and propagation of latigue or SCC cracks (which mitlate in sensitized 88 claddimg) into low-
alloy ferfitic steels i BWR pressare vessels.' Similar cracking has also oceurred in upper-
shell to dranstiion cone girth welds in pressurized water reactor (PWR) steam generator
vessels,** and cracks have been found i steam generator lfeedwater distribution piping.***
Ancther cancern s faillure of reactor core ingerngl components afller accemulation of
relatively high fluence, which has occurred in both BWRs and PWRs. The general pattern of
the observed fatlures mdicates that, as nuclear plants age and the neutron fluetice
mereases, a wide vanety of apparently nonsensitized custenitic materfals become suscepti
hie o sntergranular fotlore by a Zegradation process commonly Known as trradiation
naststed stressecorroston ctacking (IASCC)L Some of the failisres have been reporied for
compenents Loal are subjected to relatively low or negligible stress levels, e g.. contrul
blade sheaths and handles and instrument dry tubes of BWRs,  Although maost fa‘led
componoils can be replaced. some salety significant structura: components, such as the
EWIR Lop guide, shiroud, and core plale, wonld be very difficult or impractical to replace.
Research during the past six months Sas focused an (1) fatigue and SCC of ferritic steels
used in piping and in steam generator and rfeactor pressure vessels and (2) IASCC in high-
and commercial purity Tyvpe 304 885 spectmens [rom control blade absorber tubes and a
control blade sheath used In operating BWHRs, Crack growth data on austenitic and ferritic
stevls in simulated BWR water developed in this program over the past eight vears has been
compiled into a data base

2 Fatigue of Ferritic Steels

2.1 Technical Progress (S Majumdar and W. J. Shack)

The existing data in the Wtergture on the fatigue of carbon steel i LWR enviramments
have been reviewed., The primary dished sources of this data are the work by Higuchi
and hda.) the data abtaimed i A test loop at the Dresden @ reactor by GE <3 and tests
perfurmed by GE/EPRLY and the wourk by Terrell % In addition, tests have been eonducted
in water chemistries characteristic of fossil-fired power generation sysfems by B&WwW®
Although these water chemistries dre mueh different than LWR coolant chemistries, the
temperature and oxygen levels, which appear to he the eritical énvironmental vartables, are
in he ranges of interes

HUSNEC Information Natite No 90-28 "Crhad Keng of Clagtding o lis Wear Allscted Zone 1 the Rase Metal of a
Rowector Vessel Head,” Apefl 30, 1300

*USRRC Irdormation Y atice 8o O0-04. i kitg vl the Upper Shelldo-Trausitinn Cune CGirth Welds in Stogm
Gernueators ™ Jangury, 24 198K

PUUSNRC Infeomation Notiee Nev 91 19 *Siogm Generator Foedwater Distebution pang Damage.™ Marh 12
Je




Several trends are clear from the avadable duta.  Both temperature and dissolved-
oxygen concentration in waler have a sinificant elfect on fatigue dife. At the very low
dissolved-axygen levels characleristic of PWRs and BWRs with hydrogen-water nhzmwry
enviionmental effects on latigue life are modest. At Jissolved oxygen levels =100 ppb,
significant seductiwns o faugue life can oceur.  The effect of dissolved-oxygen level
saturates al «200 pph and fatigue Ife does not decrease significantly with oxygen
concentrailon over the range 0.2 8 ppm.  In oxyigenated water, fatigue lile depends
strongly on strain ratc; alterpatively, the dependence on loading history can also be
characterized in terms of frequency or ris Ume. For the same environment and strain
range. ves can vary by a factor of 100, depending on strain rale.

211 Empirical Correlations tor Effect of Environment on Fatigue Lite

Higuchi & lida' correlate their data by assuming (hat e in the environment is related
ta lite i air through a power-law dependence an strait rate:

N surer = Ny 09 (1)

The strain vate exponent p s a lunction of temperature (7} and dissolved oxygen level (O).
The best it to the data is obtalned 1 terms of o piecewise Inear relationship of the form:

P o= g MO N (2]
whete
MIO) - iy 0= 0
I Waiodod | O (<0 (3)
= M i i e diatmanae £43% - ‘
i h | (0“ D]l | h
Ciy R 40 O 0y, <0
and
RITI - k l T I
ATY e Ko - T 10K
J 10K 10
{1 o , .
Koo + oo = Kioa): r 100« T £ 200
K (k —— B 200 « T
218} ¢ Atws 2000 = “l'(i:"'“ P - 7 .

Spectlic valuex for he constanis, pg oy, O eto., for siraif rates expressed m Me 1,
chusen by Higoel & Hda, b wee giver in Table 1
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The relatively good service experience of carbou steel piping in BWRs indicates that
extrapolation of the power-law relation (Eq. §) to such low strain rates is unrealistic and
that the effect of straipn rate on fatigue life must satutale at some level, although no such
saturation has been observed in laboratory tests conducted to date. Equation 1 also appears
16 be physically unsatisfactory in another respect.  « suggests that the relative shift in
fatigue Wie 1s independent of strain range and depends only on strain rate. Indeed for a
fixed rise time or frequency. it suggests that the relative effect would be larger at lower
strain ranges because the strain rate would be lower This seems contrary 10 an intuitive
expectation that the effect of emvironment should be a function of plasiic strain in the
material, 1. environmental effects s! ald diminish as plasiic deformation decreases.

The data currently available at vesy low strain rates and/or lov strain ranges are
insuffictent for empirical demonstration of saturation at low strain rates and the diminished
eftect of the environment at low strain ranges, We ate developing futerim fatigue design
curves that are consistent with available data based uvn ‘ractare-mechanics models and
engineering fudgment rather than rely on a purely empiricul relation such as Eq. 1

2.1.2 Development of Model for Prediction of Fatigue Lives

Life of a “smooth” {atigur specimen has long been recognized to consist of a crack
nucleation phase and a crack growth phase. At jow sirain ranges. life is dominated by crack
nucleation, whereas crack growth dominates e at high strain ranges, Crack nucleation Is
contralled by the strength of the material and is assumed to depend primarily on applied
stress range (or elastic strain range). On the other hand, low-cycle (crack growth) latigue
life ts controlled by ductility of the material and depends prunarily on applied plastic strain
range. ‘The data of Terrell® have been use (o estimate the mean fatigue life of a carbon steel
(A10B-Gr i) at 2858°C i air This mean-data curve Is shown in Fig. 4a. which also includes
estimated crack nucleation and crack propagation life curves based on the assumptions that
nucleation life depends on applied elastic strain range and that propagation life depends on
applied plastic strain range  Although the fatigue curves in Fig 4a were obtat .ed from
fatigue and cyclic stress-strain data of Terrell® the fatigue curve is not significantly
different from the mean-data curve used to generate the design fatigue curve in Section 111
ol the ASME Code 8 Hence, the nucleation and propagation Itfe curves are assumed to be
reasonable estimates of the mean-data curves for carbon steels.

Dowling® has demanstrated that by chkaracterizing the fracture-mechanics crack-
growth rate tn terms of AJ, [racture-mechanics analyses can be used to develop estimates ol
fatigue life at high strain ranges by computing the number of cycles required to grow from
an initial Nlaw size a, to lallure.  Using the in-air crack-growth-rate curse given in the
current proposed revision 1o Section X1 of the ASME Code. !0 we obtlained good agreement
between the model lives predicted by Dowling's model® and actual fatigue lives for an initial
flaw ag of 0 18 mm_ The propagation life a1 any sirain range can be calculated by computing
the number of cycles required to grow from this mitial flaw 10 a nal crck size of 2.54 mm.
The crack nucleation life N, can then be interpreted as the number of cycles needed to
nucleate a crack of size <018 mm and corresponds 1o the difference between the actual life
and the propagation life computed from the crack propagation model, N is a function of

~
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Figure 4. Fatigue curves Jor a carbon steel tested in air at 288°C and room temperature I
applied stress range Ao, although it can also be expressed in terms of applied strain range
through the cyclic stress strain curve: for A1OG-Gr B steel at 288°C n alr, a power-law |
best fit gives
At = 2,000N, 0845 i5a)
or
Ak = 0.0108N; 9 0848 (1)
At Toom temperature. the crack nucleation e fs given by (Fig. 4b)
Ao = 302081 (6a) |
or 1
1
&c #0.01a6N; 013 (6b) i
J
The crack propagation life Ny, in air at 288°C and al room temn erature can be expressed in ,:
tefms ol sirain range E
|
Ac = 0. 210N, D 4068 17) ;
:
and ]
Ae # 0.244N 02758, (8) |

Cruck propagation lfe in water s oblained by calculating the number of cyveles required 1o
grow from a; to failure with the crack-growth-rate curve for carbon steels in LWR water
currently being proposed for mclusion In Section X! of the Code '© The total life Ny can
then be expressed as the sum of the crack nucleation and crack propagation (N Hves

8
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2.1.3 HKodel Predictions and Comparison with Experimental Results

along with dat¢ of Higuchi and lida! at this straiu range in water containing 8 ppm
dissolved oxygen at 290°C. Predicted lives are computed with the proposed Section Xl
crack-growth curves ui 288°C wher. a threshold effect on ervironmentally assisted
; cracking (EAC) is observed, and at €277°C where the inreshold may be absent." Because of |
F the high strain range, inclusion or neglect of a crack nucleation life makes no difference in
predicted total life.  Predicted and observed lives agree iairly well w»+«a no EAC threshoid
is assumed. Tor strain rates =103 s°!, the dependence is sim..r to the power-law
dependence obtained from the empirical relation Eq. 1. Below 19581 the decrease in

; Figure 6 shows predicted lives at a strain range of 1.2% as a function of strain rate, JI
|

{ life with decreas'ng strain rate is predicted (o saturate or even §#  ase for the case wheie
craces growth ex! ‘Lits an EAC threshold. Such behavior has been reported in some Russian

|
|
tests +3 |
i
|

At a sirain range of 0.6%, inclusion or neglect of crack nucleation life has a large
influence cn predict: 4 total life, as shown in Fig. 7. If no loss in crack nucleation life in
water Is assum, . predicted lives become increasingly nonconservative as strain rate
decreases. An analysis that assumes zero crack nucleation life and no threshold in EAC |
predicts lives that are in good agreement with available experimental data. Saturation is f
zgain prediclted at strain rates <10-5s-1. Also. as before, predictions of a crack growth

.

E. D. Eason, da/dN Data Analysts Update and Implications for 5N Data Analysis, Presentation at
PVRC Waorkshop Cyelie Lile and Environmental Elfcets in Nuclear Applications, Clearwater Beach, FL
January 20-271, 1992)
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mode! without an EAC threshold appear to be more consistent with experimental data than
a crack growth model with an EAC threshold.  Consequently, we have used the crack
growth model without an EAC threshold for the prediction of crack propagation lives.
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3 Environmentally Assisted Cracking ot Ferritic Steels

Over the past 15 years, the corrosion fatigue properties of low-al.oy steels in LWR
primary-system water chemistries have been studied extensively '4-17  Much less
information is available on SCC of these materials 18-22 Because it is clear that very high
crick- growth rates (CGRs) can occur in some materials under some combinations ef
loading and environment, the ¢hjective of the current work is to better define the
cireumsiances that can produce SCC in these sleels

3.1 Technical Progress

Fracture-mechanics CGR tests have continued on compact-iension specimens from
low- and mediuvm-sullur-content heats (0.004 and 0018 wt.%) of A533-Gr B pressure
vessel steel and a medinm-sulfur-content 10.014%" A106-Gr B piping steel. One of the
AB33-Gr B specimens was nickel-chromium plated Lo better simulate a clad ferritic steel
vessel, where only the low-alloy sieel at the crack surlace is exposed to the environment.
Surface films on the nickel-chrominm and on nickel- and gold-plated specimens tested
previousiy?3.24 are different “om those on the nonplated ferritic spectmens Because
virtuallv all of the existing data have been oblained on specimens without cladding, it is
important to verify that those results were not unduly affected by the character of the
surface film
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311 Crack-Growth-Rate Tests on Ferritic Steel Specimens (J. Y. Park)

CGR tests were conducted on a s#1 of three 1TCT carbon steel specimens (Nos CTW7-
G3, 020 07, and CTJ7 01 Specimens CTW7 03 and 02C-07 were prepared from a plales
of a low - and high sulfur AS33-Gr B pressure vessel steels (Heat Nos. AS401, [0.004% S
and 0.005% P| and A 11951 [0 018% S and 0.012% PJ), respectively, and specimen

CTJ7 01 was from o A106-Gr B piping steel (Heat No. J72X, [0.014% S and 0.014% P)).

Specimen 02C-07 was plated with nickel-chromium to stmulate austenitic 88 cladding on
# reactor pressure vessel and hence, to determine the validity of using data oblained from
specimens withou! cladding to analyze the behavior of a clad ferritic vessel where anly the
crack sutface s exposed to the environment. In previous CGR tests, plated specimens
showed greater susceptibtlity to SCC than did a conventional spectnen.

The tests were performed o delonfzed witer at 289°C under a cyclic load (sawtooth
wave shape with 12- and 60-s loading and |-s unloading tme) at R values of 0.2-0.7 and
frequencies of 1.6 x 102 and 7.7 102 He Initial Kyax values were 20, 23, and 20
MPawm /2 for specimens CTJ7-01. 02007, and CTW7-03. respectively. A dissolved-
uxygen concentration of 200300 ppb in the effluent waler from the autoclave was
malntained by feedwater with 2-3 ppm oxygen. Crack length measurements were made by
the DC patential-drop method. The resullts in Table 2 show that erack growth occurred at
rates of 1.1 x 10°'9 10 23 x 10 7 ms ! for the Ni-Cr plated specimen 02C-07, while
nonplited specimens CTW7-02 and CTJ7 01 exhibited cracking during three or four of the
test conditions,  The maximum lond was decreased at the end of Test 7 because the Kinax
value lar the Ni-Cr plated specimen (020 -07) was guite high (91 MPayw /%) due to the
relatively long crack in this specimen  Crack growth resumed in the Ne-Cr plated
specimen at K vilues between <44 and 80 MPam 79 however, no cracking occurred in
the two nonplated specimens al a Kpas of <20 MPam 72, Because the erack length in the
Ni-Cr plated spectimen (020 07) attamned the muximum allowable length, the experiment
was termingted and specimien 020 07 was replaced with an identical Ni-Cr plated
specimen 020-14)

Teats on the three spechnens were continued ih delonized water at 289°C under cyclic
loading (sawtooth wave shape with 12 1o 3000-s loading and 1-s unloading time} at
R o= 02 and frequencies in a range 3 33 x 104 (o 7.69 x 102 Hz. Inibal Kyay values were
26. 21, and 23 MPam /¥ for specimens CTJ7-01. 02C- 14, and CTW7-03. respectively,
The results in Table 3 show that crack growth occurred at rates of 1.3 x 10 " to 59 x 109
i s o for the N-Cr plated spectimen 02C-14, while no significant crack growth occurred
lor nonplated specimens CTW7-03 and CEIZ-01, as in the previous experiment, The CGRs
of the four specimens at an Rovatue of 0.2 and SJse tmes of 12 and 60 s (Tables 2 and 3) are
shown in Fig 10, For comparison, rates predicted by the praposed ASMI  ade Section X110
corrglatian are also tnciuded o the ligure, The predicted and measured rates are in
reasonable afreement. the predicted values lar threshold for the onset of cracking ave
lower (conservative) by <5 MPam /2 The dependence af the CGRs of spechnen 02C-14
on lrequency at a Raalue of 02 from the data dn Table 3 s shown in Fig, 11, Rales
predicted by the proposed ASME Code Sectuon X! correlation'” are alse included in this
fgure,  The observed CORs o7= faster than Lhe predictod values at rise times hetween 25
and 1500 s The COR ol a rise tme of 400 s @5 greater by an order aof magnitude than the
predicted value Al rise tines outside of this range. the observed CORs were bounded by
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Wor of puated or Tuconel 182 clad specimens and with

that plaled or weldclad spedcimens are more susceptible (o

thidd lested under idemtical conditions, cracss inittate thst
prapagate wider a witle range of loading cond tions 43,24
wolests with very leng rise times, seem 10 be predicted
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rrelations praposed fof inclusion in Section X! of Lthe

It ! cil s specimen 02C. 07 was secltioned for
1 ]

¢ apecimen was etched with & Nital lor 20 seconus. A

re crack and a photamicrograph ol the crack tp region are

respectively The overall crack plane s stralght. however,
n s als isible In Fig 12(A). Flgures 1210) and (D) are SEM

rlace ng the tensi iracture surlace p!l»:l'u ed In atr
£yt Uhe erack surlace exhibits a transgranular mode of crack
et irlace shows predominantly microvold coalescence
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Fupioe 21, Percent 1GSCC In SSRT ests on BWR-rraciated HP Tyupe
S04 58 and CF Types 304 and 316 S5 al 289°C in water
containing ~300 ppb dissolved oxygen vs. fast-neutron
Nuence (E »1 MeV) of the components, HP material
exhibits Wi her susceptibilitg than do CP heats.

contaming «300 ppb dissolved oxvien.  The ligure indicates that 108CC susceptibility of the
CP contral hlade sheath is signiheantly lower than that of the CP newtron-ahsorber tube or
the dry tube of Kodama et al %9 for o camparable Ruence level  The susceptibility of the HP
absorber tube = greater than that of any of the <8 matenials.

4.2 Auger Electron Spectroscopy Analysis of Irradiated Austenitic SS
(H. M. Chung and J. E. Sanecki)

Specimens sectioned fram the OF control blade sheath irradiated (n BWRLC (Table 4)
and HP nentron-absorber tube frradiated fin BWR QC were analyzed by Auger eleciron
spectrascopy (ALs) 1o determine grain boaundary segregation and depletion of Impurities
and Cr. The analyses wer . condacted as part ol the tternational round-robin study
Procedures lor hydrogen chargfing and in sttu fractare of the speciimens in the ultva high
vacuum of the scanning-Auger microscope were stintlar fo those reported previously 41 For
comparable Muence and hydregen-charging time, it was easier to produce 1G Iracture in the
HP absarber tube {Heat HP304-CD, Table 4) than in the H# absorber tube (Heat HP304 A
seradipted 1 BWR B Compared to other heats lsted i Table 4 irradinted 1o a comparabile
high fuence of +2 x 104! peem 2, 4t was rather difficult (o prociuce G fracture in vacuo in
absother tubes fabricated from PP Heat HPS04 A (rradiated in BWR B This is in contrast to
the relative 1G5CC susceptibliily from SSRT tests i simulated BWR witer (Fig. 21)
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Table 7. Summary of Miimum Grain-Boundary Cr Levels of High and
Conumerctal Purity Type 304 85 BWKR Components Determined
by AES DepthProfile Teehnigue

Mintmum
Material wut Componernt service Fluenoe, Cr Cantent,
Heat Code Reavtor 1021 gom 2 wi. %
HP30A A VOATH T W 14 7o 00
hbsod. g V-ATH HWR-H &
HPA04 P N ATH HWR 13
QC-ATH W T 0 7.8
CPHod -A BL-ATE BWIR Y 20 128148
CH4 B oS BWELL 2.0 159

Afligh-purity [HF) neutron-absorber tubes, O = 4 78 mmn. wall Thekness = 0,60 min
YCammergial PUrity (CH netitron- phsorbor fubes, GL = 878 g, wall thivkness = 079 mis
CCP control-blade sheath, thickness » 122

It is ditticult to explain the high percentage of 16 fracture in the HP absorber-tube
specimens of Heat HP304-A on the basis of 8y or P segregalion because mpurity
setegation in the HP heat was negligible.  Also despite (he signilicant Si or P segregation
present n these materials, the CPsheath specunens showed negligible SCC susceptibility.
Thereiore, it seems that grain-boundary segregation of St or P cannat e the mechanism of
IASCC, as has often been sugpested
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n many operating reactors in the US. However, these steels can undergo other modes of
degradation, such .8 TGSCC and corroston-assisted fatigue, in simulated reactor water
chemistries A% Plain carbon Steels are used extensively in PWR and BWR nuclear steam
supply systems as plping and pressuce vessel materfals. The steels of interest for these

applications include A106-Gr B and A333 Gr 6 for seamless pipe and A302-Gr B, A508-2,

and AG33-Gr B plate for pressure vessels.  Although operating experience with ferritic steel
cemponents in reactor pressure boundarfes is considerably better than with weld-
sensilized austenitic stainless steels, instances of cracking ol these steels have ocourred in
plants in the U5 ard abroad. Ferritic steels become susceptible to TGSCC in high-
temperature water containtng dissolved oxygen and some evideuce sugdests a synergistic
effect between oxygen and soluble copper compounds (viz,, CuCly). as well as other
impurites, to produce susceptibility to SCC Crack growth tests have been conducted on
fracture-mechanics specimens lo characterize the environmental, loading. and material
conditions that can produce SCC susceptibility in these steels. Data that have been obtained
over the past eight years (October 1983 o September 19891 are summnarized along with
references that contain uetalls Gf the st methods, composition of the materials,
metalagraphic and fractographic mlormation, and comparisons of the data with predictions
bas 7 e Section X1 of the ABME Code

5.1 Summary ot Crack Growth Data for Austenitic SS
(W. E. Ruther, T. F. Kassner, and J Y. Park)

Tabie 8 summarizes crack growth results lor Type 316NG S8 and sensitized (EPR = 2,
8, 20, and 30 Cem?) and salution-annealed Type 304 88 in high-purity water containing
=200 ppb dissclved oxygen at 289°C. Most of the data were oblained under high-R (0.8~
0.95), low-frequency (8 x 1072 Hy) loading conditions al maxinum stress intensity values of
2746 MPam /2. Table 9 contains dala on sensitized and solution-annealed Type 304 88
in high-purity water contaimimg 5-8 ppin dissolved oxygen at 289°C over a wider range of
load ratio, {requency, and stress intensity.  Crack growth results for Type 316NG and
sensitized and solulion-annealed Type 304 S8 at 289°C in water containing <200 ppb
dissolved oxyget and ionie tmpurities (namely, 8O3, CrO3~, NO3. and carboxylic aclds) are
summanzed in Table 10, Most ol the dala were obtained at a load ratio of 0.95 and a
frequency of 8 x 1077 He  The imlluence of several impurity species al coneentrations of
61000 pph lconductivity valwes «0.2-37 pScm- ') on CGRs of the two steels can be
obtained fonn these data. The effect of degree of sensttization corresponding to EPR values
4l 0-30 Com 2 on CGRs of Type 304 88§ can also be determined from these data. Table 11
summarizes CGR resulls for Type 347 88 specimens with different heat treatment
conditions [slow-couled and water guenched from the austenitizing temperasture). These
data were obtated n water contaming ~200 ppb dissolved oxygen and 100 pph SO0 at
289°C. No additional tests are plunned lor these steels. Tests are in progress on
specimens of CF-3, CF-3M, CF-8. and CF-8M grades of cast 88 in the as-received and
thermally aged conditions
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Table 8, Summary of Crack Growth Kesults for Solutiovn-Annealed and Se . sitized
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-
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12§
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{250
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L
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5
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AKA
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anh
F1S

468
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485
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A0s
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485

Type M08 8%
. ANL
- EPR, Rel  Report
MPa mi Cemd Noo  No
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@t o 1.4 H4  S4-60 1l
48 o 14 &9 8460 N
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280 pis 61 ~Bf 1
34.0 0 61 BI85 .
a5.0 20 61 K85 1
4.0 20 61 Ba-85 1
an. 20 ] H3HS N
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il 6 20 il KA-R5 1]
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2RO A7 60 #5751
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a8,0 HAZ 60 B5-75 |
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aj o a 240 1.4 5 LU S VI | |
as.o ] .90 1.4 B9 Ka-00 1N
20:0 (16 K& L8 B8 84-60 Ul
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42,0 16.00 2.60 14 9 B4-60 Ui
31,0 1580 R.80 1.4 A0 K480 11
ERR R A4 1.4 A9 R4-60 1M
a2.06 160 KO 18 B4 S460 111
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6.4 Crack Growth Data Base for Austenitic and Ferritic Steels

Crack growih tests have been conducted on ftaclure-mechanios spechinens of Types
404, 316NG, and 347 85 and A106-Gr B and A533-Gr B ferritic steel to characterize
environmental. leading. and material conditions that can produce SCC susceptibility in
(hese steels  Data that have been obtained over the past elght years {October 1983 to
September 1991) are summarized along with references that contain details of the test
methods, composibon of the materials, metallographic and fractographic information,
and comparisons of the data with predictions based on Section X1 of the ASME Code,
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