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Environmentally Assisted Cracking in Light Water Reactors

ly

11. M. Chung T. F. Kassner S. Majemdar, J. Y. Park.
A. Purohlt, W. E, r.uther, J. E. Saneckt. and W. J. Shack

Abstract

This report suminarizes work performed by Argonne National Laboratory on fatigue and
environmentally assisted cracking in light water reactors during the six months from
October 1991 to March 1992. Fatigue and environinentally assisted cracking of piping,
pressure vessels, and core components in light water reactors are important concerns as
extended reactor lifetirnes are envisaged. Topics that have been investigated during this
year include (1) fatigue and stress corrosion cracking (SCC) of low-alloy steel used in piping
and in steam generator and reactor pressure vessels, (2) radiation-induced segregation
(RIS) and irradiation-assisted SCC of Type 304 SS after accumulation of relatively high
fluence, and (31 update of a crack growth data base for austenttic and ferritic steels in high-
temperature wate". Existing data on fatigue of low-alloy steel in LWR environments have
been reviewed. 13ased on fracture mechanics models and engineering judgement, interim
fatigue design curves are being developed that are consistent with available fatigue-life data,
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
13WRs were studied by Auger electron spectroscopy and scanning electron microscopy.
Slow-strain-rate-tensile tests were-- conducted on irradiated specimens in air and in-
simulated 13WR water at 289'C. Crack growth data on fracture-mechanics specimens of

ects in simulated inVH water; developed in this program over theaustenttic and ferritic s

past eight years, were compt'ed into a data base along with references that contain details
of test method.5, material compositions, metallographic information, and comparisons of
data with predictions based on the new crack growth curves proposed for inclusion in
Section XI of the ASME Code,
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Executive Summary

Fatique of Ferrinc hping urul Pressure Vessel steels
.

Plain carbon steels are used extensively in PWR ;md Hu R nuclear stearn supply systems
j as piping and pressure vessel inaterialt The steels of interest for these applications

include AlOO Gr H and A333-Gr 6 for scandess pipe and A302 Gr H. A508-2, and
A533-Gr H plate for pressure vessels. Existing data in the literature on fatigue of low-alloy '

steels in LWR environments have been reviewed. Both ternperature arid dissolved-oxyl ,a
coricentiation in water have a significant effect on fatigne hfe. In of.ygenated water, fatigue
life depends strongly on strain rate; ahernatively, th dependence on loading histor" can be
characterized in tenus of frequency or rise time. For the sante environinent and strt.in
ra n ge, lives can vary by a factor of 100, depending on strain rate. When data ale '

extrapolated to strain rates characteristle of realistle reactor transients (often <104 s-1),
predicted reductions in fatigue life are by factors of ~1000 or more. However, the relatively
good servl(e expetience of carbon steel piping in HWRs indicates that extrapolation la such
low strain rates is unrealistic and that the 'ifect of strain rate on fatigue life must saf urate at
some level, although no such saturation has been observed in tal>oralcry tests cotulueted to
da'e. Ongoing tests at ANL should resolve this issue. Hased on fracture-mechantes models

'

and engineering judgruent, interim latigue design curves are being developed and are
consistent with available data.

1

Stress Corroston Crackmg of Ferritic Steels
,

Additional fracture mechantes CGR tests have been performed on nonplated
specimens of A106 Gr H and A533-Gr_ H steel and on specimens of A533-Gr B plated with
nickel chrornn"1 The effect of frequency on CGRs was detennined at a load ratio of 0.2 in
high-purity oxygenated (-200 ppbi water at 28WC. The CGRs for the nickel-chromium-
plater! A533- Gr H specimen were compared with predicted values from the new
correlations proposed for inclusion in Section XI of the ASME Holler and Pressure Vessel
Code. The proposed Section XI correlations were nonconservalhe for data obtained at long4

"
rise tunes.

1rradiation- Asst.sted Stress Corroston Cracking of 'lype 301 SS

Failures of austenitic stainlew steel (SS) alter accumulation of high fluence Inve been
attributed to radiation induced segrecahon (IUS) or depletion of elements such en St. P. S,
N1. and Cr. However the exact identity of the elements that segregate and the degree to
which RIS produces suscept Mility of the core-luternal components of-LWRs to irradiation-
assisted SCC are uneicar. Ihgh- and conuncretal-purity (HP and CP. respectively) Type 304
SS speelmens were obtained from neutron absorber tubes and a control-blade sheath

irradiated in conuncretal HWRs. SSRT tests were conducted on irradiated specimens in air
and in shuulated HWR water at 289-C SCC susceptibuity of the sheath was signifteantly
lower than those of neutron-absorber tubes fabi'leated from another CP grade and from that
exlubited by two HP-grade heats of Type 304 SS examined in previous tuvestigations.
Gratu-boundary segregation of impurities in the CP sheath aml CP neutron-absorber tube

,

I was comparable except for an ludication of C segregation and a higher level of grain-
| boundary Cr in the sheath material SCC susceptihdity of HWR components fabricated from
|

!

I

1
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rP atal llP heats of 'lype 301 SS ( ould not be (oriela'.ed with grain boundaty segregation of
St. P. or S. The relative SCC sus (eptibthty of the llP and CP absorber tubes and the CP
sheath couhl be coriciated wit h inintinuni gr ain -bou nda ry Cr contents that were

deterintned ny an Auger ein tron spe( tioscopy depth-profiling in hnique.

('nu A Groleth Duf a Duse for Austernhe arid Fernhc S!ccis

(:t at h gt owt h t est s have 1,e"ti conducted on It act ute inechatiles spectinens of s'ypes
301, 31GNG. and 317 SS and AlO6-Gr 11 anu A533 Gr b lerntic steel to characters /e

envirotunental. In.iding. and niaierial cotulittuns that can produce SCC susceptibility in
these steels. Data that have been obtained over the past eight years (October 1983 to
Septernber 1991) are sinntnarl/ed along wit!! teferences that contain details of the test
rnethods, coinposttion of the tuatettais, inetallographic and fractographie infonnation, and

i t otnparisons of the data with predtettons of Section XI of the ASMI: Code. CGit tests are in
pr ogress on spec.rnens of CF-3. CF- 3M. CF H. arul CF- 8M grades of cast SS in the as-
t e< eived alui thennally aged conditions 'lests on specirnens of AlOG-Gr 11 and An33-Gr il
steel are being continuert to quantify the ef frets of niaterial chrinistry, load history, and
dissoh ed oxygen < ontent of sunulated llWi< and i Wit secondary systein water on SCC

.

N
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1 Introduction

l'aligue ain! environmentally r::ststed cracking of pipin4 pressure vessels, and core
coinponents in light water reactors (LWRsl are important concerns as extended reactor
lifetirnes ;u e envisaged. 't he degradation processes include intergranular stress corrosion
ciaching (IGSCC) of anstenitic stainless steel (SS) piping in boilirig water reacto:s (llWRs),
aint propagation of latigue or SCC eracks (which initiate in sensitized SS cladding) into low-
alloy ferrtlic steels m IlWR pressure vewels.' Slinflar cracking has also occurred in upper-
shell to transition-< one girth welds in pressurued water reactor (PWR) steatn generator

I vessels." arni cracks have been found in stearn generator feedwater distribution piping.'"

|
Another concern is failure of reactor-core itnernal components after accumulation of
relatively high Duern c. whleh has occurred in both BWRs ;md pWRs. The general pattern of

,

' the observed ladures indicates that, as nuclear plants age and the neutron fluence
increases, a wide variety of apparently nonsensittred austenttic materials become suscept!-
ble to intergrattular f ailure by a &grmlalPm procen routtnonly known as irradiation-,

awisted 9tew-corrosion cracking (IASCC) Some of the f athtres have been reported for
componceits Inal are sub.|ceted to relatively low or negligible stress levels, e.g.. control-
blade sheaths and handles and instrument dry tubes of HWRs. Although most faflett
components can be replaced, some safety significant structurai components, such as the
UWR top guide. shroud, and core plate, would be very difficult or impractical to replace.
Research durmg the past six months 'ms focused on (1) fatigue and SCC of ferritte steels
used in piping and in steam generator and reactor pressure vessels and (2) IASCC in high-
atul cotomeretal purity Type 304 SS speelinens from control-blade absorber tubes and a
control blade sheath used in operating UWRs. Crack growth data on austenitte and ferritte
steels in simulated llWR watet developed in this program over the past elght years has been
compiled into a data base.

2 Fatigue of Ferritic Steels

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

The exisung data in the literature on the f atigue of carbon steel in LWR enviromnents
have been reviewed. 't he primary ..:.hed sources of this data are the work by liiguchi
and hda.1 the data obtained in a test loop at the Dresden I reactor by GE,2m and tests
perfonned by GE/EPRh and the work by TerrellA In addition. tests have been conducted4

) in water chenustnes characterist:e of fossil-fired nower generation systems by B&W.0
Although these water chenustries are inuch dillerent than LWR coolant chemistries, the'

_

_ temperature and oxygen levels. which appear to be the entical environmental variables, are
in the ranges of interest.

- - . .

*IMJuf intonnation Nourc No 90 M 'Cr.a kmc of CLd<hig :n hs ll(at Affet ted Ene in the ILow Met.d of ai

Rtac1or Vess< 1 nead? April 30. hm
"UhNRC Infonnation Fot g e No oo N cou kmc. .d the Upper shell-tmTransitinn Cone Ctrth Weids in sicami

GerrahC Janu oy 26. lWio.

UsNkC It:fot mahon Nome Ni 91- l'{ 'hu am Generator feedoter lhstt ibuttori P1puq D.unage? M.tu h 12.
! Ril .
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l

Several tiends are clear florn the available data. Both temperature and dissolved-
oxygen concentration in water have a significalit effect on fatigue life. At the very low
dissolved-oxygen levels characteristic of PWits and IAVib with hydrogen-water chemistty.
envitonmental cifects on f atigue life are modesi. At Jissolved-oxygen levels 2100_ ppb,
sigidficant seduct.uins in fatigue life can occur. The effect of dissolved-oxygen level
satnrotes at 200 ppb and fatigue hfe does not decrease significantly with oxygen
concentra!1on over the range 0 2-8 ppin. In oxygenated water, fatigue life depends
strongly on strain ratu alteraatively, the dependence ois loading history can also be |
characteri/cd in terms of hequency or ris tirne, For the same environtnent and strain

]
rattge, hves can vary by a factor of 100, depending on strain rate. '

|
,

2.1.1 Empirical Corrolations ter Effect of Environment on Fatigue Life

luguch! & lidal cottelate their data by assuinitig that life in the environment is related
to hfe in all through a power-law dependence on strain rate;

N xater " N.or IUlP II)

I

The stratti rate exponent p is a hilu ttoit of letnperahne (T) arid dissolved oxygeln level (O).
The best fit to the data is obtained tri tenus of a piecewise linear schitiotiship of the funn:

p =po+ M(O)-N(T) (2) ,

whete

M(O)- mi O s og

(0 - 0;)

m 4 (mh - nul (O D<06Uh (3)i
h'Oll,

nu, 4 ko fo - O ! Oh<0h

aiul

i T
N(T). knm- T _100

(T - 1001
k g,o + (km - k nu)- 100 100 < T 200-

(T 200)
k ye u 1 ( k un ' h a l- ~~M-~ 200 < Td- .100 (4),

Specific values for ihe constants. p n, m ). 0 1. etc. for stiain rules expressed in % rl,
chosen by lilguchi & bda,1 me givet; in Table 1

i

!
i

i
|
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|

Talde 1. Coe[ficu nts in neceu'ise Linear Correlation for Strutn-Rate Cmonent p

k nn kunp,, ni1 Oi in h On ko kino 7 ,

llicochi & lida 0.1 O O.1 1 0.2 O O.2 0.2 0.6

Optiml/ed Fit 0.1 0.00 0 09 0.99 0.23 0.0L O.14 0.14 0.63
Modtited 0.1 O O.1 1 02 _0 .02 0,15 0.15 06

No details on the choler of the coef ficients are given in Ref. 1. liowever, if all

coefflete:nts in the piecewise -linear cortelations are determined by minimizing differences
between predkted and observed hves in the tests m Ref.1, the results are very close to
those Riven in Ref.1, as shown in Table 1. A simplif ted and slightly tuore conservative
chalce of coelficients is shown in row 3 of Table 1. A comparison between predicted and
observed lives for the three correlations is shown in Fig.1. Only low-strain-rate data are

_

showli in t he figure. The scatter increases slightly when all data in Ref. I are included.
Several other analytteal fortns for fitting the data were cAamined, but the piecewise-linear
futin (Eq 1) wa' the most sut tessf ul.
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Table 1. Dillerences between (l.c two ( or relations are slight. The strong depetulence on
oxygen level below 200 ppb atul the relatively weak dependence at higher levels are
colisistent willi the aesults of Naciita et al.7 ton low alla steels) atul ll&W.6 At 200 ppb
dissolved oxygen and 288 C, both con elations give virtually identical values. Lives
predicted by these cottehittons and data obt;ittied at Dresderi? are showli in Fig. 3. The

pledleted afid observed lives .tre in Rood agtecnient.
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ppb dissolved oxygen at 28s C. the strain rate exponent p is OA Strain rates for
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t ran _,;ents- !!y using Eq.1 to extrapolate to strain rates characteristic of realistic transients
(of ten 104's-I or less). predicted reductions in fatigue life are by tactors of > 1000 or Inote.
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The relatively good service experience of carbon steel piping in HWRs indicates that
extrapolation of the power-law relation (Eq.1) to such low strain rates is unrealistic and
that the effect of strain rate on fatigue life must saturate at some level, although no such
saturation has been observed in laboratory tests conducted to date. Equation 1 also appears

3

to be phpically unsatisfactory in another respect. i suggests that the relative shift in'

latigue life is independent of strain range and depends only on strain rate. Indeed for a
;

! fixed rise time or frequency.11 suggests that the relative effect would be larger at lower
strain ranges because the strain rate would be lower. This seems contrary to an intuitive
expectation that the effect of environment should be a function of plastic strain in the
material, te.. enviromnental effects s1 old diminish as plastic defonnation decreases.

The data currently available at ve;y low strain rates and/or lov strain ranges are
insufficient for empirical demonstration of saturation at low strain rates and the diminished
effect of the enviromnent at low strain ranges. We are developing interim fatigue design
curves that are consistent with available data bas,ed on fruchare-mechanics models and

<

engineering judgment rather than rely on a purely empincal telmiot, such as Eq.1.

2.1.2 Development of Model for Prediction of Fatigue Lives
'

t

Life of a " smooth" faticur specimen has long been recognized to consist of a crack
nucleation phase and a crack growth phase. At low strain ranges life is dominated by crack
nucleation, whereas crack growth dominate lfe at high strain ranges. Crack nucleation is
controlled by the strength of the material and is assumed to depend primarily on applied.

stress range (or clastic strain range). On the other hand, low-cycle (crack growth) fatigue
life is controlled by ductility of the material and depends primarily on applied plastic strain
range. The data of Terrells have been use to estimate the mean fatigue life of a carbon steel
(A106-Gr B) at 288*C in 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 obtal".ed from
fatigue and cyclic stress-strain data of Terrell.5 the fatigue curve is not significantly
different from the mean-data curve used to generate the design fatigue curve in Section 111
of the ASME Code.8 Hence. the nucleation and propagation life curves are assumed to be
reasonable estimates of the mean-data curves for carbon steels.'

Dowling9 has demonstrated that by characterizing the fracture-mechanics crack-
growth rate in tenus of M. fracture-mechanics analyses can be used to develop estimates of
fatigue life at high strain ranges by computing the number of cycles required to grow from
an initial flaw size ao to failure. Using the in-air crack-growth-rate curve given in the
current proposed revision to Section XI of the ASME Code,10 we obtained good agreement

9 and actual fatigue livu for an initial
I between the model lives predicted by Dowling's mode 1

flaw no of 0.18 mm. The propagation life at any strain range can be calculated by computing
the number of cycles required to grow from this initial flaw to a flaal crack size of 2.54 mm.
The crack nucleation hfe Ni can then be interpreted as the number of cycles needed to
nucleate a crack of size =0.18 mm and corresponds to the difference between the actual life
arid the propagation life computed from the crack propagation model. N is a function ofi

7

!
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) Figure 4. Fattyve curves for a carbon steel tested tri air at 288'C arul roorn teinperature |

applied stress range AG, although it can also be expressed in temis of applled strain range
| through the cycile stress-strain curve; for AIOG-Gr 11 steel at 288'C in air, a power-law

best fit Rives

Ao = 2.OOONi"U"45 (5a) ,

or

Ar;O.0105Ni ""4UU
(5b)

At roorn tentperature. the crack nucleation life is given by (Fig. 4b);

on
,

Ao = 3020N (Ga)
,

i

: or
I
,

Ac O0146Ni"" (Ob)

i The crack propagation hfe N in air at 288 C and at roorn tein; erature can be expressed inp
I terms of strain range

Ar=0.2IONj,"4U55 (7)

and

|

| At e 0.244NjN*- (8)
!
i

; Crack propagation life ist water is obtained by calculating the number of cycles required to
grow from a to failure with the crack-growth 2 rate curve for carbon steels in LWR watero

i. currently bcIng proposed for inclu lon in Section XI of the Code.10 The total life Nr can
then be expressed as the sum of the crack nucleation and crack propagation (N ) livesp

I

i 8
I
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A

t 'e ri c Hb has noted that carbon ,tcels. e.g. MO6-Gr H. exhihit strun aging at reactor

opt rating temperatures. 'Ionsile tests on A3% Gr 6 and AlO6 -Gr H spectmens obtained
from pipes of various thatneters hve shown llu the loannitude of the strain aging peak of
the ultimate tensile sitength (1:TS) can varv su,nincantiv (by f actors of - 1.00-1.30 relattre
to the UTS at room temperatute) ho the same 1;rade of inaterial.11 Examination of the data
of t hturlu on A333 Gr 6 steel contained in the FADAI. data base also clearly demonstrates
an increase in stress range with decreasing s aai" rate Wiu. 51. which may be caused by a
suain ating ellect The increase m UTS caused by strain aging is accompanted by a
decrease in ductihty, as measured by reduc %n in area or elongation. Consequently, low-
cycle fangue hfe can decrease as strair, rate decreases in the temperature range where
dynamte st rain ating oc t urs !2 Corr.crsel). because high-cycle latigue hfe depends on the
strength of the matenal, ble is expe< ted to increase as the strain rate decreases. Terrell's5
data do show that stress versus fatigue hfr curves (at -l y 104 s~l) at room temperature and
at 284 C cross on in the hich-cyc le fat u,uc r enune.

In addttmn to dynanur sttain aging environmental degradaUon of high--cycle fatigue
hf e can also occur inim surf ace pitting. Esen in the absence of mactoscoric pttting such
pits. which appear to occur at the sites 01 MuS particles m carbon and ht ' fur low- alloy
steels in oxygenated wat( r. will cause suess concentrations and cons :y redute the
high cycle fatigue lif e An ex.unination of a Alon-Gr B specimen tested to n. are at a strain
t.mge of 0. 7b" te 28H C water containtnc 100 pph dissolved oxygen revealed several cracks
that initiated at pits, mchidmg the one that led to ;racture The data of IDgucht and lidal
inchine tests at stt ain ranges as low as 01 ' which show a significaat degradation in fatigue
hfe. The tests by UNW in oxygenated secondary -side water chemi? tries at a strain range of
a m > also sho' a una r significant chet t of enviromnent than would be expected on the
basis of a decteast in crack propacation hic alone.

'[ O st m Mua ri/c, crack nucleatlon life (high cycle fatigue) is expected to increase and
crack propagati n or (low cycle f atigud is expected to decrease as strain rate decreases,

bec ause of strain aemg effects m 100 088 C Hecause crack nucleation life constitutes a
small frac tion of total lif e at high sit ain ranges, the net effect of strain aging on low {ycle
f aticue hie is detrimental. Althonc.h strmn aging may tend to increase high cycle fatigue life
at loo N U stress concent ra aon effect 3 from sut face pits that fonn on the steel in

V

oxVQenateil % lier Wi!| f c(l'H'e }l'gIl cycle lat!Que lif e. Tlte net effect of these two cotopeting
processes m ly va!) trom brat 10 b"a' nid wdl depercl on material composition, dissolved-
oxvnen level, temperature, and exposun h is t o ry. Available data are not adequate to

accurately characteri/c cr ack am! cation ufe :n tenus of all relevant variables. At present,
k pit t i n t' is assmned to occur in oxygenated water and produce a net ef fective stress

concentration I.tetor (hd in 1.2 No benefit is assurned f or the improvement in high-cycle
tattgue hie due to strain demg. The-e assu m pt ion s are consistent with P, lited dn 1 at
relat'velv hv strain rmnge , i
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Figurc 5. Dependence of c!!clic strc~ ratio at
several strain amplitudes on strain rate
for a carbon steel at 2SO'C

2.1.3 f.lodel Predictions and Comparison with Experimental Results

Figure 6 shows predicted lives at a strain range of 1.2% as a function of strain rate,
along with datt of Higuchi and lidal at this strala range in water containing 8 ppm
dissolved oxygen at 200^C. Predicted lives are computed with the proposed Section XI
crack-growth curves at 288*C wher a threshold effect on en"tronmentally assisted
cracking (EAC) is observed, and at s277'C where the threshold may be absent,' Because of
the high strain range, 'nclusion or neglect of a crack nucleation life makes no difference in
predicted total life. Predicted and observed lives agree fairly well wh n no EAC threshold
is assumed. ~ For strain rates > 10-5 s-1, the dependence is simc. r to the power--law
dependence obtained from the empirical relation Eq.1. Below 10-5 s-l. the decrease in j
life with decread ng strain rate is predicted to saturate or even is ase for the case wheie

'

i

crad growth ex! Alts an EAC threshold. Such behavior has been ieported in some Russian
tests.i3

At a strain range of 0.6%. Inclusion or neglect of crack nucleation life has a large
influence cn predicti d total life, as shown in Fig. 7.. If no loss in crack nucleation life in4

;- water is assum, ! predicted lives become increasingly nonconservative as strain- rate
decre ases. 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
again predicted at strain r1tes clo-5 s-1 Also. as before, predictions of a crack growth

.

* E. O, Eason, da/dN Data Analysts Update and Impheations for S-N Data Analysts. Presentation at
PVRC Workshop Cythe Ufc and Enytronmental Effects in Nuclear App;trations. Clearwater Beach. FL
panuary 20-21.1992).
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i.

Inodel without an EAC threshold appear to be more consistent with experimental data than
a crack growth inodel with an EAC threshold. Consequently, we have used the crack
girwth inodel without an EAC threshold for the prediction of crack propagation lives.
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Figure G. EYedicted and obsertedfatigue lives of
carbon steel as afurtcliott of strain ratefor
tests at a strain range of 1.2% in 288''C
water containing 8 pptn dissohtd 0.qlgen
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Predicted lives at a stratti ratige of O 5% are conipared in Fig. 8 with fatigue dat on
carbon steels in water containing PO.3 pptn oxygen at 2 90'C.6 Although the er
chernistry for these tests 's characteristle of lossil-fired secondary systetus the dissolved
oxygen and letuperatur e appear to be the tuost erilleal environmental variables The
assumption of tio loss of crack nucleation life in water leads to increasingly non-

coilservative predicted lives as strain rate decreases. An analysis that asstunes zero crack
nucleation life underestinnItes the cAperignetital lives lletter agreement between predicted
and experimental lives can be obtained if the crack snicleation life is decreased by a factor
of --100, which suetests that a recovery of the crack nucleation hfe may occur at a lower
strain range.
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l'tynt e 8. Predtrh'd ntui onsereed fcmque ln'es of a
carbon st:el as a limelion oj struita tine
Ibr lests al a strain tun!Ie of 014 in
'?NN C tenter containt'n!! 000 ppb ovy[len

The icw d.ua avadable at a strain range of 0.-1"il are compared with predicted hees in
l'ig. 9. If crack nucleation ble is a%umed to be zeto. as appears to be the case at b'qher
strain tanges. predicted hves are much lower than experunent.d values. l igure 9 also
shows that predicted lives based on a reduction m crack nucleation hfe by a factor of 10 are

% to better agrectnent with experunental tesults than lives based on a reduction factor of 100.
Comparison of Figs 8 and 9 tends t r. reinforce the notion that a t ecovery of crack
uucleation life occurs with decreasuid <.tr;un r ange. although nuu r data are needed to*

better determine % at low st r ain t antes,
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3 Environmentally Assisted Cracking of Ferritic Steels
.

Over the past 15 years, the corrosion fatigue properties of low-al.oy steels in LWR
prnuary-syst em water chemistries have been studied extensively.14-17 ~ Much less
infonnation is available on SCC of these materials.ls-22 Because it is clear that very high
crack-growth rates (CGRs) can occur in some materials under some combinations of
loading and environment, the c?gective of the current work. Is to better define the
circumstances that can produce SCC in these steels.

4

3,1 Technical Progress

Fracture-mechanics CCR tests have contlinied on compact-tension specimens from

f
low- and medium-sulfur-content heats (0.004 and 0.018 wt.%) of A533-Gr B pressure
vessel steel and a medium-sulfur-content (0.014%? A106-Gr B piping steel. One of the
A533-Gr B specimens was nickel-chromium plated to better simulate a clad ferritic steel
vessel, where only the low-alloy uteel at the crack surface is exposed to the environment.
Surface films on the nickel-chromium and on nickel- and gold-plated specimens tested
previously23+24 are different ' om those on the nonplated ferritic specimens. Because
virtually all of the existirig data have been obtal~d on specimens without cladding,11 is
important to verify that those results were not unduly affected by the character of the
surface film.
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3.1.1 Crack-Growth-Rate Tests on Ferrific Steel Specimens (J. Y, Park)

CGR tests were conducted on a set of three ITCT carbon steel specimens (Nos. C'lW7-
03, 02C-07, and CTJ7-O ll. Specimens C1W7-03 and 02C-07 were prepated froin a plates
of a low- and high- sulfur A533 Gr H pressure vessel steels (llcat Nos. AS401. [0.004% S
atul O.005% p) and A-1105- 1 (0.018% S and 0.012% Plh respectively, and specimen
CTJ7-OI was from a AlOO-Gr H piping steel (lient No. J72X,10.014% S and 0.014% Pl).

| Specimen 02C-07 was plated with nickel-chromium to sitnulate austenttic SS cladding on
a scactor pressure vessel, and hence, to determine the vaildity of using data obtained from
specimens without cladding to atudyze the behavior of a clad ferritte vessel where only the
crack surface is exposed to the environment. In previous CCR tests, plated specimens

*

showed greater susceptibility to SCC than did a conventional spect:nen.

The tests were performed in detonizcu wder at 289'C under a cyclic load (sawtooth
wave shape with 12- and OO-s loadtog and 1-s unloading time) at R values of 0.2-0.7 and
frequencies of 1.0 x 10 2 and 7.7 10 2 IIz. Initial Knua values were 20, 23, and 20
M Pa,m 1/ 2 for specimens CTJ7-Ol. 02C-07, and CTW7-03, respectively. A dissolved-
oxygen concentration of 200 300 pph in the effluent water from the autoclave was

maintained by feedwater with 2-3 ppm oxygen. Crack length measurements were made by
the DC potential-drop met ho:1. The results in Ta' ale 2 show that crack growth occurred at,

rates of 1.1 x 10- 10 to 2 3 x 10 7 m s-1 for the Ni--Cr plated specimen 02C-07, while
nonplated specimens C1W7-03 and CTJ7-O! exhlhtted cracking during three or four of the
test conditions. The maximum load was deetcased at the end of Test 7 hecause the Knun
value for the Ni Cr plated speettnen (02C 07) was quite high (91 atPain t /2) due to the
relatively long crack in this specimen. Crack growth resumed in the N1-Cr plated
specimen at Knun values between =44 and 80 MPa ml/2; hr, wever. no cracking occurred in
the two nonplated specimens at a Knun af <20 MPa m /2 Because the crack length in thei

Ni- Cr plated specimen (02C 07) attained the maximum allowahle length, the experiment
was termhutted and specimen 02C-07 was replaced with an identical Ni-Cr plated
specimen (02C-141.

Tests on the three specimens were continued in detonteed water at 289 C under cyclic
,

loading (sawtooth wave shape with 12- to 3OOO-s loading and 1-s unloading time) at
R , 0.2 and frequencie in a range 3.33 x 10"1 to 7.69 x 10-2 lic initial Knun values were
26. 21, and 23 MPa m l/2 far specimens CTJ7-Ol. 02C-14. and C'lW7-03. respectively.
The resuhs in Tahle 3 show that crack growth occurred at rates of 1.3 x 10 10 to 5.9 x 1019
m s- 1 for the N1-Cr plated specimen 02C-14, while no significant crack growth occurred
for nonplated spn.imens C'IW7 03 atul CTJ7-0.I, as in the previous experiment. The CGRs
of the four specimens at an R-value of 0.2 and ;tse Omes of 12 und 00 s (Tables 2 and 3) are
shown in Fig 10. For comparison, rates predicted by the proposed ASMI t ade Section X110
correlation are also included In the figuie. The predteted and measured rates are in
reasonable agreement; the predicted values for threshok! for the onset of cracking are !

lower (conservative) by ~5 MPa ml/2 The depcodence of the CGRs of specimen 02C-14
on trequency at a R-value of 0 2 from the data in Table 31s shown in l'f4. I 1. Rates
predicted by the proposed ASME Code Section XI correlation W are also included in thN
Hgo r e. The observed CGRs r faster thim the predicted values at rise times between 25
and 1500 s. The CGR at a rise Mme of 400 s is greater hy an order of inagnitude than the
predicted value. At rise times outside of this range, the observed CGRs were bounded by

14
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the ASMC coltelation. The magnitude of environmental enhancement predicted by the
correlation is adequate to bound the data; it is the onset or threshold for the enhancement
t hat is predicted nonconservatively. In tenns of Kmm, .s noted ureviously at rise times
between 12 and 60 s. t he threshold is piedteted conservatively by c5 MPa m /2 For muchl

'onger rise times. the predicted value of the threshold Kmn is nonconservative by
- 12 M Pa m I / 2 Most of the data upon which the correlation for the EAC threshold is based
were obtained for rise times of < 10 60 s. consequently extrapolation to longer rise times
may he macuirate, of the nonconserv.ttive prediction ol CGHs may be caused by the n'chel-
chronnum plating on the specunen. Further testing is needed to resolve the issue.
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Ducet comparison of the behavior of plated or hiconel- 182 clad specisnens and with
nonplated speronens suggests that plated or weld-clad spe(unens are more susceptible to
etarking. When huuled in series and tested under identical conditions, cracks inittate lust
in clad specimens atul tend to propagate under a wide tange of loading cond:llons,23.24
liowever, the CGRs. except for tests with very long rise times, seem to be predicted
reasonably we" by the crack growth correlations proposed for inclnsion in Section XI of the
ASME code.

At the end of the fiist series of tests, specunen 02C 07 was sectioned for
metallographic examination, The spechnen was etched with 2% Nital for 20 seconds. A
cross- sectional view of the enure crack and a photomicrograph of the crack tip region are
Lhown in l'tes. 12tAl and (B). r es pect ively. The overall crack plane is straight: however,
sotne bral branching of ;20 pm is also visible in l'ig.12(A). Figures 12(C) and (D) are SEM
photographs of the crack surface and the tensile fract ure surface produced in air
atmosphere at room temperature. The crack surface exhibits a transgranular mode of crack
giowth, whereas the tensiS fracture surface shows predominantly microvoid coalescence.
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4 Irradiation-Assisted Stress Corrosion Cracking of Austenitic SS

in recent years, failures of rector-core internal compor.ents in inth liWRs and PWRs
have increased alter accumulation ef relatively high thience M x 1020 n em-2. E dl McVh

,,

The 1,eneral pattern of the observed failures indicates that as nuclear plants age and
neutron fluence increases, various apparently nonsensitivec mmteuttic materials become
susceptitle to Intergranular failure. Some components are known to have cracked under
minimal applied stress. Although most failed components can be replaced, some safety-
significant struct tral components, such as the llWR top gt-ide, shroud, and tore plate,
would be very ditTieult or impractical to replace. Therefore, the structural integrity of these
components after accumulation of high lluence has been a subject of concern, and extensive
research has been conducted to provide an understanding of this type of degradation,
which is commonly known as irradmtion-assisted stress corrosion cracking (I ASCC).m2

Most of t he safety-significant structural components are fabricated from solution-
annealed austenitic SSs, primardy conunercial- purity Type 304 SS Cornpanent fabncation
proecdures and reactor operational parameters, such as neutro:1 flux, fluence, temperature,
water chemistry, residual stress, and mechat.ical loads, have been reported to influence
susceptibility to IASCCW 3" llowever, results f rom ddferent laboratories an matermis
irradiated under a wide variety of simulated conditions are oft e n meonsistent and

25Econflicting as to the miluence of these par:uneters

Failures of austenitic SS aber accumulation of high Guence have been attributed to

trradiation-induced segregation (RIS) or denletion of elements st'ch as Si, P, S Ni, and Cr
d praiu hmmdaries. It is generally believed that the nonequilibrium process of RIS of
impurity or alloying elements is strm,qly influenced by irradiation temperature and fast--
neut ron dose rat e. Ilowever, the exact idenhty of the elements that segregate and the
extent to whteh RIS contributes to the c:ihanced susceptibility of the core-luternal
components 01 LWRs to IASCC are not clear. This is p,rrticularly true for Type 301 SS, from
which thc majority of the salcty-significant in core componem s have been fabricated,
although analyses of RIS of impurity elements and grain-buundarv depletion 01 Cr have been
reported for Type 304 SS specimens irradiated under simulated conditions. i c. either in

test reactorsM32 or bv cicetrons2" or ions."

In view Ol t}le sl!ong in{luenCe of illadiation lernperat ure and dose rate, reSulls
obtained from specituens trradiated in test reactors and accelerators must be constaered as
tentative, and benchtnark acalyses on actual roartor camponents must be obtained. l'or this
purpose, high- and commercial-purity (llP and CP) Type 304 ES specimens obtained from
ucutron-absorber t ubre at two operating BWRs were analyzed prevIously by Auger electron
spectroscopy (AESL and susceptibility to SCC was determined from slow strain-rate- tensile
(SSRT) tem s " # Up Type 304 SS has becu suggest ed as an alternative to CP
Type 304 SS h erram or and laboratory experience 2G 33 itulicate bet t er IASCC
performance of an HF heat of Type 318 SS than of a CP heat of Type 318 SS. Ilowever,
superior resistance to I A5CC of IIP heat of Type 301 SS has not been established,4 2
although there is an indication of relahvely better performance of IIP neutron -ab<ot her
rods in an in- t eactm noncrevice environment * Preluninary results obtained from

* A 1 Jacobs Gemmi Eb cmc n.mm . Sm . C.t p n u e o m a in. h hmm, M
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laboratory SSRT tests on irradiated specimens in simulated BWR water indicated an
opoosite t rend 32

.n the present study, sp cimens obtained from absorber tubes fabricated from two

additional heats of HP Type 304 SS and from a control-blade sheath fabricated from one
additional heat of CP Type 304 SS were analyzed by Auger electron spectroscopy. SSITI'a

tests were also conducted on specimens obtatut om the CP comrol-blade sheath, and

the results were compared with similar data obtained from HP absorber tubes.

4.1 Slow-Strain-Rate Tc.;ts on irradia'ed Austenitic SS (H. M. Chung,
W. E. Ruther, and A. Purohit)

,

4.1.1 Experimental Methods

Specimen pret *1 and procerlures for preparation of the SSl(I test specimens and
a description of 1. * cell SSRT apparat us were given in previous reports 41A2
Cylindrical SSRT si. as (89 nun long) were sectionco from top . middle . and
bottom' axial positions ' the neutron-absorber rods. and boron carbide was temoved with
diamond tip drills Maximum fluence at the top was detennined from known in-reactor

flux data. Itwer lluences at the other two axi.d locations were determined from results of
MCo ganuna scans on t he entire length ut the rods Sheet tensile specimens 57.2-nun-
long. 12.7 m m-wide, and 1.22 nun-t hick w ere fabricated from a con:rol-blade sheath

trradiated in HWR-I.C The lencth and wulth of the gage section were =19 and 3,2 mm.
respectiveiy. The material wa3 obtained hom the General Electric Co. Vallecitos Nuclear

'

Center. The fast ne u t ron fiu e nce and chemical composinon of all HP and CP
Type 304 SS neutron-absorber tubes and ine control-blade sheath are given in Table 4.4

Documents on the chenucal composition of the as-fabricated neutron-absorber and control-
blade sheath of the CP-grade steels were not avadable from either the utility or the reactor-
fuel supplier. Com posit ion 3 of the three HP heats are similar except for the nitrogen,

content Absorber -tub" specimens f abricated from HP Ileat-CD, which was irradiated in
HWR-QC (Component Code UC AT) hace been examined as part of the round-robin study of
the International Cooperatwe Group on Irradiati, assisted St ress Corrosion Cracking
|lCG-1ASCC).*

4 SSRT tests were conducted on cicht specimens i.f the CP control-blade sheath in air
md in simulated HWR water at 289 C at a strain rate of 1.65 x 10'7 s4 to determine tensile ,

properties and IASCC susceptibihty as a function of neutron fluence. The dissolced-oxygen
concentration and conducticity of the simulated HWR water were m310 ppb and
0.12 p S em 'l . r espectively The tracture surf ace of the SSRT specimens was evaluated by
SEM and the chemical composition of precipitates was analyzed by energy-dispersive X-ray
spectroscopy (EDS) The SE\1 hactoufaphy was conducted at magnifications of 60 to SOOX,
and an entue fracture surface composite w n constructed for each specimen to determine
the fraction of intt rdranulartlG), t ransdranular (TG), and ductde fadure.

s
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,

4.1.2 Results

1.1.2.1 Tensile Pr opertie s

Test conditions. SSRT data, and SEM ana!yses of the HP and CP absorber-tube
speelmens ate suunnarized in Table 5. Similar data for the right sheath specirnens are

given in 'l able G. Stress versus elongation curves for the CP sheath specimens obtained
during this reporting period are shown in Fig.13. The figures portray SSRP data for high ,
medium- and low fluence sheath spe(unens str nned to failute In simulated llWR water and

Similar plots obtained for the llP and CP absorber tubes listed in Table 5 were 1eportedair.
,

prevmusly.42 The relative chara(teristics of stress corrosion of the sheath specimens an
be deduced from I in 13. As fluence increases, the ratio of elongation in water to that in air
becomes smaller, mdicating a greater degret of SCC.

Table 4. Chenaccd Composition unti Fast-Neutron nuenc e of Irradiatect T ;pe 301 SSt

DWR Neutron Absorber-Hod Tubes aml ControHHade Sheath
um o as e o m s.nue nec
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figures 14 and 15 show contpitrisons o! the yielcl strength (YS) and ultimate tensile
stiength (UTSi veisus last neutron Guence iE ,1 MeV) of the CP and llD neutton-absorber

,

tubes and conttol-bladc sheath strained to failure in air (from Tables 5 and 6). The firures
'

contain simil.u data for CP grade tensile specimens of Types 301. 304L 3 !6L and 316NG
SS irradiated in the Advanced Test Reactor (ATR) at 3OO C and reparted by .Jacobs et al.M
Both the vield and ultimate tensile strengths of the high -Guence CP-grade BWR sheath are
signihcantly higher than those of the ATR irradiated specimens.. or of the CP Type 304 SS
neut:nn-absot her tube. The tensile strength cd the CP sheath specimens is simdar to that
ot the llP neutron absorher tubes at a comparable Buence. While the strength of the ATR-
irradiat ed maternds tends to reach saturation at fluence 2.5 x 1021 n em 2. the stiength of
BWR components seem to reach saturation at a stemheantly higher Guence.

Fh:ure 16 shows the tot al clondation versus fet-neut ron Buence for t he llP and CP
Ty pe 30-1 SS neutron absorhet tubes and cont rol-blad" sheat h For comparison, similar

Q dala h ou' Ret 30 for CP hem , of Typs 301. 3111., 31fd.. and 31GNG SS art also shexn in

21
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Neutron Fluence (10 n c m'2, E > 1 MeV)

Ftaure 16. Totai elongation vs. last-neutron jluence lh' >l AleV),.

R for so!nuon annenlec) CP <:ncl 11P 'l); pes 301 anci 316 SS
[t orn tensde tests in a' at 280 'C

,

t he fignre. The latter data were obtained at a signilicantly higher strain rate than that ir
the prescht tensth tests. i.e. 4 x IC 4 s-1 versus 1.7 A 10-7 s- l . Despite differences in
strain rate and composinon (! e. H P vs. CP), tne effects of fluence on total clongation of
both heats seem to be essentially similac considering the significant scatter in the data.
Onetility appears to reach an asymptotic minimum value of -5'n, at flue nce levels

* > 1.5 x 1021 n em -2 he total elcocations of the BWR-irradiated materials are, hnwever,

24
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l

consPlerably smalle; than those of the NTR irradiated materials at the high fluence level,
i.e. 5- 10 vs. 8-22 %

4- .2.2 SCC Susr eptibility

The tallo of total clongation in simulate. - WR water and in air (Fig.13) gives an'

indication of SCC susceptibt!1ty of the CP sheath spcelmens. In comparison with similar
ratios obtained for CP and llP neutron-absorber tubes reported previously.42 the ratio for
the CP sheath was significantly smaller for a com pc rable fluence level. Indscating
signiheante; lower SCC susceptibility for the C" sheath material than for the !!P and CP
absorber tubes.

quantitatively. SEM micrographs of theTo determine SCC susceptibilities more
fracture surfaces of the absother tube and sheath speennens were obtained. The fractions
of IG and TG fracture. i.e. peteent IGSCC and TGSCC, respectively, were tucasured from
composite frm tute surface maps and the results are given in Tabies 5 and 6. respectively.
The amount of IGSCC for CP sheath specimens irradiated to a lluence of 4.5 x 1021 n etn-2
was only 3 P% (Table Gl. This is significantly lower than that of the rP absorber tubec

flable 51. An example of IG Iracture-surface morphologies for sheath t e :rnc as irradiated
2 is shown in Fig 17 IGSCC in the comer of the it , e surrounded byto - 15 x 1021 nem

TG%CC. carresponds to only =35

For llP and CP speettnens tested in simulated HWR v;ater, the percent IGSCC
den rmined from SEM fructography was, in general consistent either with total elongation
or with the ratio of elongation in water and in air. This is shawn in Figs.18 and 19,
t es pect ively. Total elongation values were corrected (increased) to arcount for the initial
clongation caused by the stiess exerted on the specimens in high-pressure water before
the mechanical ioad was applied. The correction was negligible in SSirl' tests of the sheath
specimens L.iterature data f rom SSI(T tests on Types 301 and 316 SS from CP-grade BWR
components are also plotted in Fig 1R These hgures indicate that either total elongation
or the elongation ratk (water /aitl is a good measure of IGSCC susceptibility. lloweve r.
IGSCC susceptibility could not be correlated weil with the inctease in yield strength (l.c.
irradiated minus as- fabricated yieht strengt hh ,,,

Figute 20 shows a relationship between the percent (GSCC and neutron Huence lor our
Ci absorber tubes and control blad< sheath of Type 304 SS. along with similar data of Clark
and Jacobs 25 Jacobs et al. * and Kodama et al 43 on CP heats of Types 304 and 316 SS.
The materials in the studv by Jacobs et al? were irradiated at 3OO'C in the ATR. whereas (
the other heats tested by Kodama et al 43 were from UWR--irradiated dry t ubes. SSRT tests
in all of the studies were conducted at 2Mi-C in 3ttuulated UWR watt r containing several

'

dissolved oxygen concentrations, natnely, O 2, 8, or 32 ppra. Despite the wide range of
strain tales and dissolced oxyg, n concentrations in the various tests. the dependence of IG
f racture tuorpholony lpercent IGSCCI on neutron lluence is reasonabiy cons. stent.

A companson of the percent !GSCC versus fast neutron lluence (E >l MeV) for the
present CP and HP neutron absorber tubes and CP control blade sheath is shown in Fig. 21.
along with similar result' trom 55RT tests on CP grade UWR di . tubes reported by Modama

25
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l' inure 2 I . l'ercetat it'St'C in SSIG' tests on !IWHartculktled IIP 'l}]pe
:101 SS and CP 1)] pes 301 and 31G SS at 2HTC lll utater
coninintn!) -300 pph dissolved avt)(Jen vs fast-neniton
fluence (IL' >l AleV) of the cornpanents. IIP tuulertal
exhibsts ht;;her susceptibility than do CP heats.

containing ~300 ppb dissolved o.sygen. The l'igute indicates that IGSCC susceptibility of the
CP contral blade sheath is signtlicantly lower than lluit of the CP neutron-absorber tube or
the dry tube of Kodarna et al33 for a cotupatable lhience level. The susceptibiltty of the llP
absother tube (* greater than that of any of the ':P tualertals,

4.2 Auger Electron Spectroscopy Analysis of irradiated Austenitic SS
(H, M. Chung and J. E, Saneck!)

Speettnens sectioned hom the CP control blade sheath irradiated in BW101.C (Table 4)
and ilP neutron absorber tube irradiated in BWIOQC were analyzed by Auger electron
spectroscopy (A13 to deterniine grain-boundary segtrgation and depletion of impurities |

and Cr. The analyses wer con +icted as part of the international round-robin study.
{

Procedures for hydrogen-charging and in situ f racture of the specimens in the ultra-high !

vacutuu of the scanning Auger microscope were stintlar lo those reported previously 41 For
comparable fluence and hydrogen-chargung t!rne it was easier to produce IG fracture ttt the i

IIP absother tube (lleat ilP301-CD, Table 4) than in the lip absorber tube (lleat IIP 304 A)
* radiated in IlWH B. Compared to other heats listed in Table 4 trrmitated to a comparable
high fluence el 4 x 102l n ein-2, it was rather difficult to produce IG fracture in vacuo In
absother tubes fabncated from IIP lleat ilP3OI A trradiated in llW10lt This is in contrast to
the relative IGSCC susceptibthly froro SSRT tests hi simulated ilWR water (Fig. 21).

2M
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4.2.1 Resuils

Auger sigthds fioni several spots on ductile atui 1G fracture regions were analy/cd. and
peak to pt ak atoplihnhw o! the prunary peaks of Ni. Si, P, C. N. S, and the unidentified
Xmi a peak 41 weir measured and nonnah/cd with respect to the amplitude of the primary
peak of Fe 'l h e resuhs obtained f or a CP sheath specimen (lleat CP304 -U, Table 1)

x 1021 n ( m 2 ar e given tu l'ig. 22, Simihtr results obtained fortrradiated to a ihmm e of '

llP absot her tube (lleat llP3f F1 C D). trradiated in BWR-OC to a flu e nce af
=2.0 x 1021 n cm i are shown ut Iat 22. The nornJdi/ed amplitudes shown in the figures
cuir espoml to t he t elat we abundance of each element on (denoted '1") and away from
idenoted ' D ) gr ain boundancs, nnd thus grair -houndary regregation of each element can
be d"tennined hom a comparison of the two groups of normalt/cd amputodes.

I tom l ie. 2 er un -bouwlarv segregation of Ni. hi. P. and the unidentified X5n-evx

element in the r ' sheat h .u'c evhh ut Ttus is similar to the behavior of CP absorber tubes
irr,uhated m HWR B (llcal CPP1 M il in the present CP sheath. there is an indication of
secr N ahon of C although the cadence is t onsidn ed not concluce and further venficahon
n nn es muy (Fie 2El No cadence of searceation o! N or S was observed either in the CP
shrath or the CP abwt hm t'ihe spn unen

la distint i ( on t i a si tt those of CP sheath specunen the res ult s in Fig. 23 show
delet t all!c })1lt \ clV hsW hTUlr (d sr Cr e btt l(all td hi Fr l' in the llP ab5orher tithe (lleat
IIP 301 CD) tit.uliated to a Huence of 2x 1021 n em - In previous analyses 41 segregation'

of Si and P < ouhl ni,i be detect ed m a sinnlar !!P absorber tube (lleat !!P304' Al irradiated
in BWR 11 to a fhience <A .l_4 x IW' n( ni In additton to the fluence level and the'

rem tin the tw o brat- ol lil' almothet t ubes dilfer only in N content. llowever, unhke lleat
ilP3 > . A. seen aat ton of the unidentthni Nv. ,v elem nt was signiheant in lleat HP301 CD
li appe.u s that thm a telated to the obsen ation that IG tracture in vacuo was telatively
rete r 10 prodisce m t he lattet heat than m tlic former. In the llP3O l CD sheath specimen.
sectegation of N hv a tactor of - 1 ; 1.9 conhi be also detected il ig 23F).

-

. ,& g ,
( ,

3[l(f'r k}} ,1 N { }('e ltl}("Il tll<lk \Vils relek Llfe

loHow n. t he hydrogen ( haremg and Cu plating procedute than in a specimen fractured
Wit.hOill t he ('u pla! nig s* c p A p p a i e ni l,V . % Unntalnul;dlon occurled duriRQ Cu plating in
w!nch an S ( ontauung uhu un w as us i no evidenn of S segregation was obsetred in any
3prennens wahum Cu plumg

gralu lhltillditry could DeAs pulnief t 4:11 t [lrtTilillsly. t!!c tlist t !Dilt hdi (JI Ci lic a t' il

eilala( le f t/C(l nIV I(V tl1 split ter dr]d h ])tiiI1!c t e< 'it!1i(jlte. I 44 A Cr-depletioit profile
obt.unel h om a sper onen N the CP to una ol.uie shNth is shown in ng. 24. In the figure,-

a sunilar resuh oblamed h om t he lip almot her tube (fabncated f rom IIcat itP3O LCD and
irradial: d m HWR MC) n uso shown tor comparmon. Cr depletion is more pronounced in
the itP absother tube idepis ma raho o m than m th CP sheath (depletion ratio 0 85) for
a c om parabic fluence lm el. This is (imsistent u nh results tcported previouslv3I A4 Based- e

I- | '( b I ( (l[ ft(} [ I's [k!![| i) i3kI% (3 5 %f )k [ . -l, k}ki Ik[n $|}ik C ((In t c}kt b ()b Qraitl
.

IMHilld.irle 1 !!ir t 'l' a tid lll" aIN H !)er i tile v' A atul the etd11 rid = hl (de sheat h were1

esunuted and ;u r suun ,arv a 4. TAlr /

n .
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Table 7. Surntnary of Mintinunt Grain-floundary Cr Levels of filph" at|d
Contrnetclal-Purity Ttjpe :10-1 SS 13WR Cornponents I)eterntined
bt; ACS ' Depth Vrt![Ile Techntriue

.

' Mintinum
Material mal Coroponent service Fluence, Cr Content,

lleat Cmle f(cartor H)23 ncm-2 w t .% ,

llPJO4 A V - ATd I! Wit H 1.4 7.9 9.3
i;P304 Il V-ATd l!WI( 0 -

IIP 301 -CD V ATH - llWIO D -

QC- AT" IlWit QC PO 7.H

-

CP304 -A lilc ATh - UWit-Y 2.0 11 8-14.8

CPao4 -11 1,C se uw)t.[r 2.0 33 9

diligh-purity (llP! neutron' absorber tubes. 01) = 4.78 rnut wall thleknms = o G3 mm. ~

| CommercLO purtty (CP) neutron-abw her tubew OD = 4.78 mnt. wall thwknew = o.79 mmb

CCP rontrol blide sheath, thu knm = 1,22 nuu.

It 15 difflCult to explain the high percentage of 10 fracture in the llP absorber-tube
specimens of ficat ilP304-A on the basis of Si:or P segregation because Itupurity

| segregation in the llP heat was neg!!nible. Also despite the significant Si or P segregation - !

present in these materials, the'CP-sheath spectinens showed neghgtble SCC susceptibihty. ]Therefore, it seems that grain ~bounciarv segregation of St or P cannot be the mechanism of
IASCC, as has oDen been suggested.

{
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At least in sitnolated HWR water the iesults of the SSRT tests of the CP and HP
romponents seem to be consistent with a mechantsin in which irradiation induced Cr
depletion is the primary process. This is shown in Ft; 25 in which percent ICSCC and
mininuun train- bound.ny Cr levels of one llP heat (l!P301- A) and two CP heats (CP301- A
and D) have been plotted. . !though the data are limited, the results are sinular to those
reported by Uruernmer et all" In their study, SSRT tests were conducted on
Type 301 SS speelmens in wluch gram boundary Cr depletion was produced by thennal
sensitization, The Ci depletion was compared to that produced by ton irradiation at 500'C.
Herause of the high temperature during tiradiation, the C r-de plet ion profiles were
significantly wider than in the present HWR components, and measutement of a ininimum
Cr content by scanning transinission- ele ( lion microscopy (STEM) was sotnewhat easie r.
For extreinely narrow Cr depletion ptohles, such as those in the present HWR components,
it would be di!!icult to detennine the true minimurn in Cr content hy STEM examination
with sitnitar resolution For comparable levels of mininann Cr concentration, the aarrower
width of Cr depletion m the present HWR components is expected to produce a lower SCC
susceptibility. The relatively higher SCC susceptibihty of the llP Type 301 SS HWR
components observed f rom the piesent laboratory SSRT tests is also consistent with results
obtained recently from SSRT tests on proton u and ion u radiated" HP and CP Type 30-1
SS llowever explananons for the somewhat higher SCC susceptihihty of proton- and ion-
irraduted HP matenals hace been not t epm t ed.
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Fsm.rc Jk Pricent IGM'C from bSHT test.s es. mimnuun
GTinf t hu _ndGT]; Cr conlUnl frofn AES unalysis
c!! HP und LP Type m I SS DWH componems

5 Crack Growth Data Base for Austenitic and Ferritic Steels

'nn obtecove at uns work is to evaluate the :esistance of austemtic and fernue stects
to environmellt;nly assisted criu king in sunulated HWR water Alternative materials for
recirculation system piping in HWRs e R , Types altiNG and 317 SS. are very resistant to
sensit*zation atul thus ate inuch icw susceptibh: to !GSCC t han 'lypes 301 and 31ti SS used
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in many operating reactors in the U S. Ilowever these steels can undergo other modes of
degradation, such us TGSCC and corrosion-assiste<l fatigue, in simulated reactor water
chemistriesM8 Plain carbon steels are used extensively. In PWR and 13WR nuclear steam
supply systems as piping and preasuie vessel materials. The steels of interest for these
applications include A106-Gr 11 and A333-Gr 6 for seamless pipe and A302-Gr 13. A508-2,
and A533-Gr 13 plate for pressure vessels. Although operathig experience with ferritic steel
components in reactor pressure boundarles is considerably better than with weld-
sensliited austenttic stainless steels, instances of cracking of these steels have occurred in
plants in the U.C. and abroad. Ferritic steels beeonle susceptible to TGSCC in high-
temperature water containing dissolved oxygen and some evidence sug$ gests.a synergistic
effect between oxygen and soluble copper compounds (viz.. CuCl ). as well as other2
impurities, to produce susceptibility to SCC Crack growth. tests have been conducted on
fracture-mechantes specimens to 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 fOctober 1983 to September 19911 are summarized along with
references that contain uetails of the test methods, composition of the materials,
metaHographic and fractographic infonnation. and comparisons of the data with predictions -
bas J . Section XI of the ASME Code.

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

Table 8 summartzes crack growth restdts for Type 316NG SS and sensitized (EPR = 2.
H. 20. and 30 C cm 2) and solution-annealed Type 304 SS in high-purity water containing
-200 pph dissolved oxygen at 289 -C. Most of the data were obtained under high-R (Oh
0.95h low-frequency (8 x 10-2 Hz) loading conditions at maximum stress intensity values of
27-46 MPa ml/2 Table 9 c<mtatus data on sensitized and solution-annealed Type 304 SS
in high-purity water contaitung 5-8 ppm dissolved oxygen at 289'C over a wider range of
load ratio. fregocacy, and stress intensity, Crack growth results for Type 316NG and

,

sensitized and solution-annealed Type 304 SS at 289"C in water containing =200 ppb
dissolved oxygen and ionic impurities (namely. SOI, CrOI. NO'i, and carboxylle acids) are
summarized in Table 10. Most of the data were obtained at a load ratio of O,95 and a-

frequency of 8 x 10-2 IIL The influence of several impurity species at concentrations of
=6-1000 ppb (conductivity values 'O 2-3.7 pS cmd) on CGRs of the two steels can be
obtained form these data. .The effect of degree of sensitization corresponding to EPR yalues
of 0 30 C-em-2 on CCRs of Type 304 SS can also be determined from these data. Table 11

i summarizes CGR results for Type 347 SS specimens with different heat treatment -
conditions (slow-cooled and water quenched from the austenttizmg temperature). These
data were obtained in water containing >200 ppb dissolved oxygen and 100 ppb SOf at
289"C No additional tests are planned for these steels. Tests are in progress on

i- specimens of CF-3; CF-3M. CF-8, and CF-8M grades of cast SS in the as-received and
- thermally aged conditions.

i
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Tultl" fl. SutnInuty of Crack Grotells Results Jcn Sulullutt-Attnealed and Seoallized
Type .'l01 Sh Spect:nenua in Oxygenuled b5-H ppnd Waterk at 289'C 61
Witicli laid lintla. lYequettcuS and Sitess Intensfly Were Varted

Potenu.il 'l y p" 30 % 55
_ . _ _ _ . _

ANI.,

J oati lhwy

! Coru l , 301 55, RaOo Faty . linir. K ,A AKJ ltate, 1:PJL lief. Itepot tn

ph enr1 m V(bill:1 10 7117 *. M Pa ni a 1010 rn r i C can4 No. No.t

34.0 0 1.20 1.4 59 84-60 til<0 2 - 1O O -

37 0 0 2.40 1.4 59 81-60 111< 0. 2 - 1.0 0 -

38 0 0 4.DO 1.4 50 84-60 111<0 2 1.0 0 -

33 O O 2 20 1.8 59 8440 til<0 2 1O O -

2h 0 0 1.80 llAZ 60 85-75 1<. 0 2 iO O -
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'

< 0.2 0.0% 80 12 31.0 1,70 10.0 20 61 83-85 41
02 - O.: HO 12 35 0 1 75 12.0 20 61 83-85 11,

< O.2 O 95 08 124 ..i40 1.70 1.20 20 01 83-85 Il
<0 ? O 95 08 124 3S O 90 1. F.O 20 61 83-85 11
(O 2 O 45 0.H I74 50.0 ?5 4.70 20 t,1 83-65 11
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5.2 Sum miry of Crack Growth Data for fertillC Steels

(W. E. Fluther, T. F. Kassner, and J. Y. Path)

I tarture nu chanics CGH tests hm e been prifoiined on AS:13-Gr 11 steel spectinens
plated with Rohl, nickel. or utchel chromtuin arul on coinposite spectinens of AS33-Gr
ll/Inconel IH2/Inconel h00 plated with nic kel Test weic also totulucted on nonplated

_

spectinens of AS33-(;r 15 and AIO6 Gt 11 steel The elle( ts of plattnn, alloy cheintstry ,et,
sulfut atal phosphor us levels), dissolved oxynen content (O 2 :10 ppm) in 2HR C watei, and
load ratto on CGRs weir ex;inuned Tables 12 atul 1:1 suintnari/c results on homogeneous
and contposite sperunens r espr( in ely. H is evident horn the results in these tables that

1 the CGRs vary stenthrantiv thy a I;u to of 100) utuler ru :nally the saine exprittnental
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G Summary of Results

6.1 Fatigue of Ferriilc Piping and Pressure Vessel Steels

I asting data in the hiciature on latigue of carbon steel in 1.WF envirofunents have.

been icviewed. Both letoperature and dissolved oxygen cont.cntration in water have a
significant ellert on langue hfe In oxygenated water. latigue hfe depends strongly on
str ain rate. l'or the saine em itoninent aint strain range, lives can vary by a f actor of
100 < cpetuhng on strain rate When data are ex t r a pola t e d to strain rates
char a( tellstic of Icalistle reactol transtelits (of ten clO " v l), prrdicted reductions 111
f atigue life of are - 1000 or Inor e However, the relatively good servlee experleilee of
carbon steel piping in llWRs todicates that exttapalation to such low strain rates is
initcahstic and that the clic< t of strain rate on latigue hic tuust saturate at solue level,
although no such satulation has been observed in laboratory tests conducted to date,
Ha'ed on tracture inct bann s niodels atul enntncering judgruent. Intetiin lattgue design i

curves that are also consistent with available data are being developed.

6.2 Stress Coriosion Cracking of Ferritic Steels

Additional h aeture incehanics CGH tests have been perionned on spectinens of A533-.

Gi H steel luonplated) ;uul on spectinens of AlOO-Gr 11 atul A533-Gr 11 plated with
inckel chiointuin. The elle( t of hequeta y on CGRs was detennined at a load tallo of,

U 2 in high purity oxvernated (~ 2O() ppbl water at 289 C The CGits of t he nickel-
chtotutune plated A533 GI B speronen were i on. pared with the values predicted by
the cr.ick growth curves proposed for luclusion in Section XI of the ASMR Holler atul
Pressure Vessel Code The pt oposed c or relations were nont onsetrative for rise tirnes
of H )O 1000 s in these exper nuents

_

6.3 Irradiation-Assisted Stress Corrosion Cracking of Type 304 SS

SSHT tests weic ( ondu( ted on CP giade Type 301 Ss speennens obtained Irorn a HWR.

control blade sheath to deletinin" SCC susceptihdity in sin.nlated BWR water. SCC
susceptibthly of the sheath was Menilirantiv lower than that of neutron absorber tubes
labucated ttorn another (T ciade and two llP erade heats of ~Iype 30 ) SS used in
pr evious int estluations Grain boundary sect egation of innpurittes in the CP sheath and
CP neutt on absot het t ube was ( o'nparabic, except f or an ludication of C segrecation
and a highet im el of gr ain boundaty C1 in t he sheath inatet tal

SCC susceptihihty of BWH coniponents labin ated f ront CP and llP heats at Type 301 SSe

could not be cut t elated with glatn -houndar y segregation of St. P, or S The relative
SCC susceptibility of the llP and CP absother tubes and the CP sheath could be

cor relat ed wit h taintinuin crain boundary Cr (outents deternuned by an AES depth- 4

pr ottune technupw.

lS

_ __ - __ - _ _ _- _ __._ _- _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ - _ _ _ _ _ - - -



. . - _ _ _ _ _ _ _ _ _ _ _ _ _ ._ _ __ . _ _ _- _ _ . _ _ .-

6,4 Crack Growth Data Base for Austenitic and Ferritic Steels

Crack growth tests have been conducted on fracture-mechanics specirnens of Types*

301. 310NG, and 347 SS and AlOG-Gr D and A533-Gr B ferritic steel to characterize
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 to
September 1991) are summarieed along with references that contain details of the test
tuethods, cornposition of the materials, metallographic and fractographic infonnation,
and comparisons of the data with predictions based on Section M of the ASME Code.
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