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Environmentally Assisted Cracking in Light Water Reactors

ly

T. P. Kassner. W.111(uther,11. M. Chung, P.1L llicks,
A. G. Ilins, J Y. Path, W. K. Soppet, and W. J. Shack

Abstract

This report autninarties work p Tonned by Argonne National laboratory on fatigue and
environinentally assistrd cracking in light water reactors duilng the six inoaths froin April
1991 to Sepleinber 1991. Fatigue and envitoninentally assisted cracking of piping,
pressure vessels, and core components in light water reactors are important concerns as
extended reactor lifettines are envisaged. Topics that have been investigated during this
year include (1) fattgue and sitess corrosion cracking (SCC) of low-alloy steel used in pfptog
and in steam generator and reactor pressure vessels, (2) the roles of chromate and sulfate
in simulated boiling water reactor (llWit) water on SCC of sensitt/ed 'lype 301 SS. aml
(3) radiation-induced segregation (RIS) and irradiation-assisted SCC of Type 301 SS aftc r
accumulation of relatively high Guence. Patigue data were obtained on inedium-sulfur ,

content A533.Gr H and A10G-Gr U pressure-vessel and pipnag steels in high-purity (IIP)
deoxygenated water, in simulated pressurtied water reactor (PWR) water, aiul in air.
Crack-growth-rate (CGR) measurements on coinposite specimens of A533 Gr ll/Inconel-
182/Inconel-600 (plated with nickel) and on homogeneous specimens of A533-Gr 11
matertal (plated with gold, nickel, or nickel-chromium) indicate that CGks increased
markedly durlug small-amplitude cyclic loading in llP water with -300 ppb dissolved
oxygen, Under cyclic loading, crack growth was observed at inaximum stress intensity
values that produced no crack growth under constant (R = 11 loading. The CGR
dependence on dissolved-oxygen concentration (0.3 to 30 ppm) was also investigated
under different loading conditions. Possible synergistic reactions involving chromate and
sulfate in SCC of sensitized "IYpe 301 SS have been investigated by fracture. mechanics CCR
tests. Low chromate concentrations in BWR water (25-35 ppb) may actually have a
beneficial effect on SCC if the sulfate concentration is below a critical level, Failures of
reactor-core internal compon-uts in BWPs and PWRs after m eumulation of relatively high
Quence have been attributed to RIS of Si, P, S, Ni, and Cr; however, the degree to which
RIS produces susceptibility to irradiation-assisted SCC is unclear. Microchemical and
microstructural chan;4es in llP and conuncretal-purity (CP) Type 301 SS specimens from
control-blade absorber tubes used in two operating DWRs were studied by Auger electron
spectroscopy and scannin,, electron microscopy, and slow-strain-rate-tensile tests were
conducted on tubular specimens th air and in simulated HWR water at 289*C. Susceptibtitty
of the CP absorber tubes to intergranular stress corrosion cracking (IGSCC) was similar to
that o other CP heats of Types 301 and 310 SS reported in the literature. Ilowever, ther

llP absorber tubes exhibited greater IGSCC susceptibility than did the CP materials. litgh
SCC susceptibility seems to be consistent with irradiation-induced Cr d"pletion at grain
boundartes, which was more significant in the lip heat than in the CP heat.
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Executive Summary

Fatigue of Ferritte Vi;nny and Pressure Vessel Ssects

Plain carbon steels are used extensively in PWR and UWR nuclear steam supply systems
as piping and pressure vessel materials, The steels of interest for these applicat%
include A106-Gr B and A333-Gr 6 for seamless pipe and A302-4 11, A508-2, n~

A533-Gr 11 plate for pressure vessels. Additional fatigue tests were er.nducted on medem
sulfur-content A106-Gr U piping and A533-Gr 11 pressure vessel steels in sinndated PM
water and in alr. The fatigue life of A5.53 Gr B steel in deoxygenated water is generally
shorter by a factor of 2 than that in air. No significant effect of the aqueous envitonments
was observed in tests on A106-Gr il steel. The effects of load shape and loading rate will be
further explored in subsequent testing.

Stress Corrosion Cracking of Ferritic Steels

The crack crowth rate (CGR) culves in Section XI of the ASME Holler and Pressure
Vessel Code aa based on load ratios R 50.9. Our rece:H work at R = 0.95 indicates that the
thrashold stress intensity factor (and magnitude) of the CGRs predicted by the current
Sectica XI correlations are nonconservative at very high load ratios. Based on the
hypothests that environmental enhancement of the CGR is a function of crack tip strain
rate. equations that relate CCRs to loading parameters have been modified to incorporate
high-R da'a. Additional fracture-mechanics CGR tests have been performed on a compostte
specimen of A533-Gr B/inconel-182/Inconel-600 plated with nickel, and on homogeneous
specimens of A10G-Gr H and A535 Gr D (plated with nickel-chromium) material. The
effects of load history and dissolved-oxygen content on the CGRs of the composite
specimen were examined. The CGRs increased markedly during small-amplitude cyclte
loading (R = 0.95). [1nder the cycite loading, crack growth was observed at maximum stress
intensity values that produced no crack growth uncler constant R = 1 loading. Under
R a 0.95 loading, relatively high CGRs (2 x 10* m s-1) were observed in HP water
containing -300 ppb dissolved oxygen. When the specimen is in the low-CGR regime
(2 x 10-11 m s-1), increasing the dissolved-oxygen concentration to 6 ppm or higher
initiated a return to the high CGR regime, at least at an R value of 0.95.

EWects of Chromate and Sulfate on SCC of Type 304 SS

Current UWR operating practtees have reduced to very low levels the ingress of lonic
impurttles (e.g., sulfate. chloride) into the coolant system. Soluble corrosion products, viz..
chromate and the counterbalancing hydrontum lon, are now the major ionic species
present. Because only a small fractior. of ihe rectreulation water in UWRs passes through
the reactor water cleanup system, th, concentration of chromate ions in the reactor water
can be much greater than in the feedwater (e.g., =25-35 ppb "ersus <l ppb respectively).
Possible synergistic reactions involving chromate and sulfate in SCC of sensitized
Type 304 SS were investigated by fracture-mechanics CCR tests. The results indicate that
the CGRs of sensitized Type 304 SS under high-R, low-frequency loading are low
(<4 x 10-11 m s-1), provided that the chromate / sulfate concentration ratto in oxygenated
feedwater is >3. Thus, a low chromate concentration in HWR water (25-35 pph) may

-- -_-___ _ - _ _ _ _ - _ _ _ _ _ _ _ - _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _____ _ _ _ _ _ _ ___



_.
- - _ _ _ _ -

.

actually have a beneficial effect on SCC, provided that thc sulfate concentration .s below a
critical level (i.e., -10 ppb).

hTadiation-Assisted Stress Corrosion Cracking of 'njpe 304 SS

Failures of austenitic SS after accumulation of high fluence have been attributed to
radiation-induced segregation (RIS) or depletion of elements such as Si, P. S. Ni, and Cr.
Ilowever, the exact identity of the elements that segregate and the degree to whieb RIS
produces susceptibility of the core internal components of LWRs to irradiation assisted (!A)
SCC are unclear, liigh- and commercial purity (IIP and CP, respectively) Type 304 SS
specimens were obtained from control-blade absorber tubes used in two operating 13WRs.
SSirl' tests were conducted on tubular N,vimens in air and in simulated 13WR water at
289'C, Results in air showed that the peld and ultimate tensile strengths of the llP
material were higher than those of the CP material for a co". parable fluence, Stress versus
elongation characteristics of the SSIrr specimens were consistent with results of SEM
analyses of the percent ICSCC on fracture surfaces. IGSCC susceptibility of the present CP
absorber tubes was similar to those of other CP heats of Types 304 and 316 SS reported in
the literature. Ilowever, the lip absorber tubes exhibited greater 1GSCC susceptibility than
did the CP materials. It is difficult to explain the relatively high susceptibility of the llP
material on the basis of Si or P segregation, because impurity segregation in the IIP
absorber tubes was negligible for all fluence levels. Rather, the high susceptibility seems to
be consistent with the observation that irradiation-induced Cr depletion was more
significant in the HP heat than in the CP heat, indicating that irradiation-induced gcain-
boundary depletion of Cr is the primary process in IASCC, et least in simulated IlWR water.

\
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| 1 Introduction

Fatigue and environmentally assisted cracking of piping, pressure vessels, and core
components in light water reactors (1.WR31 are important concerns as extended reactor
lifetimes are envisaged. The degradation processes include intergranular stress corrosion
cracking (IGSCC) of austenttic stainless steel (SS) piping in boiling water reactors (HWRs),
and propagation of fatigue or SCC cracks (which initiate in sensttlied SS cladding) into low-
alloy ferritic steels in BWR pressure vessels.* Similar cracking has also occurred in upper
shell-to-transition cone girth welds in pressurtzed water reactor (PWR) steam generator
vessels'' and cracks have been found in steam generator feedwater distribution piping."'
Another concern is failure of reactar-core internal components after accumulation of
relatively high fluence, which has occurred in both UWRs and PWRs. The general pattern of
the observed failures indicates that, as nuclear plants age and the neutron Duence

"increases, a wide variety of apparently nonsensitued austenitic materhls become suscepti-
ble to intergranular failure by a degradation process commonly known as irradiation-
assisted stress-corrosion cracking (IASCC). Some of the failures have been reported for
components that are subjected to relatively low or negligible stress levels, e.g., control-
blade t heaths and handles and in'trument dry tubes of BWRs. Ahhough most failed
ccanponents can be rephiced, some safety-significant structural coinponents, such as the
BWR top guide, shroud, and core plate, would be very difficult or itnpractical to replace.
Research during the past year focused on fii latigue and SCC of ferritic steels used in
piping and in steam gcmcrsaw and reactor pressure vessels, (2) role of chromate and sulfate
in simulated BWR water in SCC of sensittzed Type 304 SS, and (3) 1ASCC in high- and
commercial-purity Type 304 SS specimens from control-blade absorber tubes used in two
operating UWRs.

2 Fatigue of Ferritic Steels

Section 111 of the ASME Boller and Pressure Vessel Code recognizes fatigue as a
possible mode of failure in pressure vessel steels and piping materials. For the case of many
cycles, the primary concern is the endurance limit, which is the stress that can be applied

_

an infinite number of times without producing fatlure, in pressure vessels, however, the
number of stress cycles applied during the design life seldom exceeds 105 and is frequently
only several thousand.1 The main difference between high- and low-cycle fatigue
(prevalent in pressure vessels) is that the fonner involves little plastic deformation.
However, failure in a few thousand cycles can only be produced by strains well in excess of
yleid strain. In the plastic region, large changes in strain are produced by small changes in
stress. Fatigue damage in the plastic region has been found to be a function of plastic strain,
and fatigue cutves for use in this region should be based on tests in which strain rather than
stress is the controlled variable.

'USNRC Informauon Nouce No. 90-29, 'CrackN of Claddmg in its Heat Aflected hme in the nase Metal of a
Reactor Venel Head.' Aprtl 30, IrML

"USNRC Information Notk e No Oo-ot "Crac king of the Upper Shell-tmTranstuon Cone Girth Welds in Steam
Generators * January. 26,1990

"*USNRC Information Nouce No 91 -19. "5 team Generator Feedwater Distribu'lon Pipmg Damage." Man.h 12.
1991.
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2,1 Technical Progress (P D. Hicks and W.J. Shack)

Plain carbon and low-alloy steels are used extensively in PWR and BWR nuclear steam
supply oystems as piping and pressure-vessel materials. The steels of interest in these
applications include A106-Gr B and A333-Gr 6 for seamless pipe and A302-Gr 11, A508-2,
and A533-Gr H plate for pressure vessels. The current Section lit fatigue cunes for carbon
and low-alloy steels are based on tests in air at room temperature.1 Tests in air at reactor
operating temperatures show some deviation from the ASME mean data curve. but all data
lie above the ASME design cun e 2 However, in tests at high strain amplitudes in

oxygenated watei, the fatigue lives of carbon steels are significantly decreased, and in some
cases failures were obsened below the ASME Section Design turve 3A lida et al.5 studied
the fatigue of alloys equivalent to A508-Cl3 and A333-C16 in detontzed water at
temperatures up to 290 C. They showed that in oxygenated water at large strain
amplitudes, fatigue lives were reduced in tests at lower strain rates. The magnitude of the -

decrease depended strongly on alloy composition, temperature, and concentration of
dissolved oxygen in the water. At dissolved-oxygen concentrations of <100 ppb, the
aqueous environment had httle effect on the fatigue life of either alloy.

,

Nagata at alm performed fatigue tests on forged ASTM A508 Cl-3 and on the rolled-
equivalent ASTM A533-Gr B Cl-1 under strain control (at various strain rates) in pure water
at several dissolved-oxygen levels. Water containing 100 ppb dissolved oxygen had very
little effect on the fatigue behavior of both alloys at a strain rate of 1 x 10-3 s-1, compared to
the results of tests in air. Alloy A508 also showed little effect of strain rate, whereas a
decrease in strain rate by up to two orders of magnitude decreased the fatigue life of
A533-Gr B steel. Nage.ta et alf attributed this to initiation effects due to the higher sulfide
content of the A533-Gr B steel compared to the A508 material. They argue that A533 Gr B
is more susceptible to surface pitting near manganese sulfide (MnS) inclusions, and the
surface pitting near these inclusions decreases the initiation time for cracking. The lower
strain rates simply provide more time for the pitting to occur. All tests were at a stram
range of 0.7-0.8% and a strain rate of 0.1% with a triangular wave form. For dissolved-
oxygen levels >l ppm, the fatigue lives of both alloys decreased by up to 66% llowever, it .

should be noted that lida et al.5 saw very httle environmental effect in the high-cycle
regime where inillation would be expected to dominate even in high-sulfur materials.

Terrell7 tested A10G-Gr B in PWR environments. For cyche frequency in the range of
1.0-0.017 Hz, the fatigue life of smooth test specimens was virtually unaffected by the
environment, whereas a small decrease in life occurred for notched specimens in tests at
the lowest frequency. However, all data lie above the ASME design curve.

2.1.1 Experimental Methods

Additional untaxial fatigue tests were conducted on A533-Gr B pressure vessel and
A106-Gr H piping steels in water and in air. Initial resuDs were presented in the previous
reportf The A533-Gr B material for the test specimens was obtained from the lower head
of the Midland Reactor, which was scrapped before the plant was completed. The
medium-sulfur-content (0.016% S) steel had a tempered bainitte microstructure in the as-
fabricated condition. Specimens of A106-Gr B containing 0.014% S were obtained frem a
piece of 20-in.-diameter schedule 140 pipe fabricated t y the Cameron Iron Works.

4
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llouston, T1 The chernical analyses of these two materials and of the ferritic atul austenttle
steels used in CGR tests are given in Table 1.

Fatigue tests were performed on smooth (1.0- m su r f ace -polished gage length,
19 nunt cylindrical hourglass-type specimens. During polishing of the specimen gage
length, pullout of Mn3 inclusions occasionally occurred, tending to scuff the surface of the
specimen. These inclusions Were visible under a low-power microscope and appeated as
shght surface roughness. The final polish of the specimen gage length was in a lengthwise
direction to prevent circumferential scratches that might act as stress raisers during
fatigue. The specimens were loaded untaxially with a triangular wave funn at a strain rate of
4 x 10-3 s-1

Tests were first perfonned in air at 288;C, under strain control at zero mean strain
measured with an axial extensometer. Strain ranges of 1.0. 0.75, 0.50, and 0 35% were _

selected. The stroke response was recorded so that subsequent fatigue tests in water could
be run in stroke control. This experttnental procedure avoids difficuhics associated with
using a strain extensometer in a pressurized-water environment, After obtaining the strain

Table L Chernical Composition (u t.%l of Ferrille atul Austenttic Steels in
Fatigue b and Comixtet-Tension Specimenshmn

Material C P S St Fe er Ni Mn Mo Ta/Nb Ti

A533-Gr lla 0.20 0.014 0.016 0.17 Iktl 0.19 0 50 1.28 0 47 - -

A10G-Cr [sb O.29 0.011 v.0); 0.28 lial 0.19 0. I 1 0.92 0.01 - -

A533-Gr HC O.23 0.005 0.004 0.27 lial 0 I2 0.70 1.42 0.56 - -

A533-Gr D .e 0.22 0.012 0.018 0.22 Ik11 0.12 0. G9 1.45 0.53 - -d

IN-182f 0.10 0.03 0.01 1.0 10.0 14.0 65.0 7.0 - 1.75 1.0
.

IN-GOO 0.07 - 0.001 0 19 9.41 15.23 72.84 0.30 - 0.12 0.31

Type 304 554 0,0G 0,019 0.007 0.48 ILtl 18.70 8.00 ' .63 0.20 -

"Medtum-sulfur-content steel for fangue specimens was obtained Imm the lower head of the
Midland lleactor. Matenal was used to fabricate fatigue specimenn

blicat No. J-7201 (20-in.-<itameter schedule 140 pipe) fabricated by the C4uneron Iron Works,
llouston. TX Material was used to fabrtcate fatigue and crack-growth-rate specimens.

Client No A5401 for track-growth-rate tests on IT specimens in simulated llWR water.

d omposite Alloy-600/In-lh2/A533-Gr il compact tension (IT) specimen was fabricated suchC
that the low-alloy steel was in the T-l. orientanen nccording to the ASTM nomenclature.
Other ITCT specimens of low-alloy steel were also in the T-L orientation.

CA533-Gr !! Class I plate (lleat No. A-1195-1) was obtained from the Oak Ridge National
1.aboratory llSST Program. Matertal was used to fabricate lattgue specimras

INominal composition of undiluted inconel-lH2 weld metal (AWS Type ENtCrFe-3 per AWS
Specification A5.11) A layer. -6 mm thkk. was buttered to the A533-Gr 11 plate with a 3/32-m.-
diameter weld rod and the material was heat treated at 621'C for 24 h and atr-rooled. Inconel-
600 (licat No NX5922-G11) was electron-beam-welded to the inconel-182 to form the ITCT
spertmen. Entire specimen was nickel-plated.

Clicat No 30950 for crm k-growth-rate tests on IT spvttnens in simulated !!WH water.
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control data in air, a repeat test was perfonned under stroke control in air at 288'C. The
mean stroke and stroke amplitude settings far these tests were the seme as the stroke
values obtained at the half-lives of the strain control tests. During the stroke +ontrol tests,
the strain was accurately monitored to give a better indication of the true strain
experienced by the specimens when they are tested in water under stroke control. The
strain emplitude in amplitude-versus-fatigue-life plots corresponds to that at the specimen
half-life, as detennined in high-temperature tests in air under stroke control.

}

Tests were conducted in high-purity (HP) deoxygenated water and in simulated PWR
water at a llow rate of 8 mL-min-1 in a small autoclave (annular volume of 12 mL) at 288^C
and a system pressure of 9 MPa. The nominal water chemistries are given in Table 2.
Simulated PWR water was fonnulated by dissolving IIP boric acid and lithium hydroxide in
20 L of detontzed water before adding the solution to 132-L SS feedwater tanks. For tests
in detonized water, the dissolved-oxygen concentration was reduced to <10 ppb by -

bubbling nitrogen through the waer. A vacuum was drawn on the tank gas outlet tc, speed
deoxygenation. After the dissolved oxyAcn was reducci to the desired level, a 20-hPa
overpressure of nitrogen was matntained on the feedsater tank. Preparation of the
simulated PWR water was similar, except that a 20-kf1 overpressure of hydrogen was
sustained to maintala -2 ppm dis 3ohed hydrogen in the deoxygenated feedwater. Water
from the ence-through system was discarded in the drain.

Table 2. Norninal Water Chernistries for Fatigue Tests

Water Chemistry Delonized Water PWR Water
'Conductivity ( S cm-1) 0.17 25

pil (room temperature) 5.8 6.6 b

Dissolved O2 (ppb) <10 <10
Boron (ppm) - 1000
Lithium (ppm) 2

Chloride (ppm) <0.03 <0.03 -

Fluoride lppm) < 0.01 <0.01
Dissolveo il2 (cm'/kg) - 18

2,1.2 Results

The fatigue test results on A533-Br B and A106-Gr B steels are summarized in Tables
3 and 4 and Figs. I and 2, respectively. The number of cycles to failure (N,3 in Tables 3 and
4) is determined when the tenstic stress amplitude deceases S 75% of the value observed
at one-half the fatigue life. For the most part, tis fatigue-life data are reasonably
consistent. However, the fatigue lives of A533--Gr B specimens in Tests 1539 and 1542 in
Table 3 varied by almost a factor of nine, although the loading and environmental conditions
were the same in both tests. No factors such as a high concentration of manganese sulfide
inclusions were found on the fracture surfaces to explam this variability in fatigue life. The
fatigue lives of A533-Gr B steel in deoxygenated water are generally shorter than those in
air (Fig.1). However, Test 1533 at the lower strain rate of 4 x 10-5 3-t showed no
additional decrease in life, in contrast to the strong dependence of fatigue life on strain rate
for high-sulfur steels in simulated BWR environments 5

}

6
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Table 3. A533-Cr D Steel Test Conditions and Fatigue Lives

Test Total Strain Itange. Environment

Nt af f!'est Control) lat 288"C) Cycles = N 52g

1505 0.50% (strain) Atr 31.200

1508 1.00% (strain) A1r 3.3o5

1515 0 75% (strain) Atr G.792

1547 0.35% (strutn) Air 2.o53 215

1522 -0 89% (stroke) Alr 3.419

1523 -0 90% (stroke) Atr 2.2(O

1524 -0Dl% (stroke) Atr 3.714

1525 -0.45% (stroke) Atr 65,758
~

152G -0.90% (stroke) Detontzed water 3.330

1527 -0.45% (stroke) Detontzed water 10.334

1529 -0 45% (stroke) Detentred water 25.H00

1529 -o.45% (stroke) IWR water 31,751

1530 -0 90% (stroke) IWR water 1.355

1533^ =0.009t, (stroke) IWR water 3.416

1538 -0.39% (strokel Atr > 1.000.000

1539 -0.39% (stroke) IVR water 136.06o

1M2 -0.39% (stroke) IVR water > l .154.fo2

IM5 -0 01% (stroke) IWR water 3.2tki

"Ibsittve sawtooth test: tenstle-going strain rate of 4 x to 6 s I (slower by
3 s 1lo0X than the other tests) and a compression-going rate of 4 x IV

.

Fatigue data for both steels are plotted in Fig, 3 in terms of the pseudostress
Sa = E(ac /2), where at is the strain range, and E is Young's modulus (namely,200 GPa fort t
A533-Cr D steel). The data can be compared with curves in the ASME Boiler and Pressure
Vessel Code (Section Ill) " Design Fatigue Curves for Carbon, Low Alloy and liigh Tenstle
Steels for Metal Temperatures not Exceeding 700'F 'l The ASME Section 111 mean-data
curve is also included in the figure.

Our fatigue data for A106-Gr B steel are consistent with data obtained by Terrell7 in
simulated PWR water (<10 ppb dissolved oxygen) where no noticeable effect of frequency or
environment on fatigue life of this alloy was found (Fig. al. The results are also consistent
with the data of Prater and Coffin 10 and lida et al. 5 in which the effects of environment9

were minimal at dissalved oxygen levels of <100-200 ppb. All data at higher stress
amplitudes tend to fall further below the the ASME mean-data curve than do data at longer
lives.

7
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Table 4. A106-Gr D Steel Test Conditionsa and Fatigue Lites

Test Total Strain Range, Environment
No, Ar (Test Control) (at 26WC) Cyrles = N25

g

1498 1.00% (strutn) A1r 1.051

1543 0.50% (strain) Atr 14,525

154G 1.03% (stroke) Air 1,3G5

1547 -1.03% (stroke) FNR water 692

1548 0,5o % introke) A1r 10 /02

1540 0.50% (stroke) IWR water 9,396

1552 0.35 % (strain) A1r 93,322

1553 0.75% (strain) A1r 3.253

" Positive sawtooth tests with a tenstic-going stratn rate of 4 x 10 3 s4,
_.

go .., .m.._ . .; ..3 .,

A$338 Steel
268#C

o Pure Water
o PWR
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~
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<
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i . .! .1 .t i i n i..! . . ->g,

10' 10 10 10
3 5 7

Cycles to Failure '-

FToure 1. Total strain range vs,Jatigue-life data
for A533-Gr D Cl 1 steel at 288''C

'3 Environmentally Assisted Cracking of Ferritic Steels

Over the past 15 years, the corrosion fatigue properties of low-alloy steels in LWR
primary-system water chemistries have been studied extensively,11-14 Much less
infonnation is available on SCC of these materials,15-19 13ecause it is clear that very high
crack-growth rates (CGRs) can occur in somt- maluia's under some combinations of
loading and environment, the objective of the current work is to better define the
circumstances that can produce SCC in these steels.

I
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Figure 3. Elastic pseudostress vs.fatigtuellfe datafor A533-
Gr D Cl 1 and A106-Gr D steels at 288'C

3.1 TechnlCal Progress

Fracture-mechanics CGR tests have been carried out on compact-tension specimens
from low- and medium-sulfur-content heats (0.004 and 0.018 wt.%) of A533-Gr 11
pressure vessel steel, a medium-sulfur-content (0.014%) A106-Gr B piping steel, and a
composite specimen of A533-Gr H/inconel-182/Inconel-600 plated with nickel (chemical
compositions are given in Table 1). One of the A533 Gr U spectruens was nickel-chromium

9
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plated to better simulate a clad ferritic steel vessel where only the low-alloy steel at the
crack surface is exposed to the environment. Surface films on the nickel-chromium and on
nickel- and gold-plated specimens tested previously20 are different from those on the
nonplated ferritic specimens. Because virtually all of the existing data have been obtained
on specimens without cladding. It is impartant to verify that those results were not unduly
afIccted by the character of the surface film.

3.1.1 Crack-Growth-Rate Tests on Composlie inconel-182/A533-Gr-B Speelmens
(W. E. Ruther, T. F. Kassner, and W. K. Soppet)

The composite A533-Gr B/Inconel-182/inconel-600 specimen (plated with nickel)
was tested in simulated UWR water with -200 ppb dissolved oxygen at 289*C under cyclic
loading with a positive sawtooth wave fonn (12-s loading and 1-s unloading times) at -

0.08 Hz. load rallos (R = Kmtn/Kmax) of 0.9 to 1.0. and maximum stress intenstiles. Kmu of
~28 to 62 MPa ml/2 Crack-length measurements in conventional and plated specimens
were made by a DC-potential-drop technique. Because no potential-drop calibration was
available for the composite specimen, crack length was measured by the compliance
method.

3.1.2 Results

Results from SCC tests on the composite specimen are given in Table 5. The fatigue
precrack in the specimen traversed the Inconel-182 weld metal so that the initial 7.2 mm
of crack growth over a time interval of 1000 h (Test 1) occurred in the underlying
A533-Gr B material at an average rate of 2.0 x 10-9 m s-l. The Kmax increased from 28 to
35 MPa ml/2 No periods of crack arrest or transient crack growth occurred during this
phase of the test. This CGR is virtually identical to the ' average" value for a previous
composite specimen (2.3 x 10-9 m s-1), which included several crack extensions of
I-2 mm within -170-h time intervals followed by -800-h periods of very slow steady-state .

growth.21 For no apparent reason, the CGR of the composite specimen in the current test
decreased abruptly at -1050 h to a very low value that continued over a period of -1000 h.
This behavior is similar to that observed in the previous experiment.21

In Test 2. the Kmax of the composite specimen was increased to 40 MPa m1/2 at an
.

R of 0.95. Although an increase of Kmu in the previous experiment 21 generally resulted in
a brief increase in CGR. no such increase was noted during the next 300-h period in this
test. After that period, the dissolved-oxygen concentration in the feedwater was increased
to -30 ppm (Test 3), This action initiated a return to the high-CGR regime, which we
allowed to persist for two weeks. The feedwater was then returned to the normal
dissolved-oxygen concentration of -0.4 ppm in Test 4 and shortly thereafter the CGR
returned to a low level (7.6 x 10-11 m s-1) for 800 h. The dissolved-oxygen level was then
increased to 6 ppm in Test 5. and two days later rapid crack growth resumed. These
experiments indicate that dissolved-oxygen concentration is an important variable at a load
ratio of 0.95.

1
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a at ConstantTable 5. Crack Groteth of inconel-182/A533-Gr D Composite Spectinen
b n High-Purity Water ContainingLoad and in-14equency. High-R Loading i

=0.3 to 30 ppen Dissolved Oxygen at 289'C
Water Chemistry Electrode Potential CGR Paranrters

Test Tltne, Cond., pilat Oxygenf 304 SS. Pt. Imd Kme n.d AK? Growth Rate.
l l

No. h pS cnr1 25*C ppm mV;SilE) mV(SilE) Ratio MPa m /2 MPa ml/2 mr

l O- 0.16 6 25 0.3 112 126 0.95 35 0 1.75 2 o x 10-9
1058
1058- 37.0 1.85 3 0 x 10-11
2156

2 2156- 0.13 6.20 0.3 49 H2 0.95 40.o 2,00 3.0 x 10- 31

2492

3 2492- O.15 0.24 30 260 323 0.95 49. ] 2.46 3.1 x 104
_

4 2827- 0.12 6 27 0.4 96 137 0 95 50 5 2.53 7.6 x 10-11
3666

5 3660- 0,15 6.19 5.9 198 231 0 95 58 6 2.93 6.9 x 10-9
3834

6 3H34- O.13 6.36 6 183 204 10 59.0 0 2.5 x 10-11
5005

7 5009- O.17 6.27 30 220 222 1.0 60.0 0 8 I x 10-1I
6069

8 6069- O.14 6 33 31 205 204 0.98 60.1 1.00 3 8 x 10-11
6379

0 6370- 0.14 6.34 28 223 219 0.95 60.2 3.01 3.8 x 10-13
6573

10 6573- 0.14 6.34 28 220 215 0.90 62.4 6.24 7.8 x 10-9
6502

acompostte compact tension specimen (lTCT) (No. 02C-111 was fabricated from Inconel-600/inconel-
182/A5334r 11 Steel (lleat No. A-1195-11 Specimen was electroplated with nickel.

bFrequency of the positive sawtooth wave fonn was 8 x 10 2 liz: rise time of 12 s and fall time of I s.
^

cEffluent dissolved-oxygen concentrations below 20 ppm were determined with an Orbisphere
dissolved-oxygen meter, higher values were measured with CllEMetries" ampules. s

d aximum stress Intensity, Kmu, value at the end of each time period.M

CAK = Kmo(1 - R). where the load ratto R = K,./K,,,

In the next series of tests, the effect of load ratio was investigated, in Test 6, the load
ratio was increased from 0.95 to 1.0 (i.e., constant load): shortly thereafter, the CGR
returned to the low level even though the dissolved-oxygen level remained at 6 ppm. The
low CGR persisted for an additional 1200 h, after which the dissolved-oxygen level was
increased to -30 ppm in Test 7. This caused a modest increase in CGR over an additional
exposure period of 800 h. The load ratio was then decreased to 0.98 in Test 8 and the CGR
decreased slightly during an additional 310-h period. The load ratto was decreased further
to 0.95 in Test 9 and the CGR remained at the same low value
(3.8 x 10-11 m s-1) over a 200-h interval. In Test 10, the load ratio was decreased to 0.9,
and within 24 h, crack growth resumed a high rate (7.8 x 10-9 m s-1). The test was

terminated after =20 h because the crack length exceeded the maximum allowable value.
Even at a high K level (62 MPa ml/2), a load ratto of <1 is required to initiate a high CGR.
No crack growth occurred in a conventional (nonplated) A533-Gr U spechnen at a stress

11
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intensity factor of 28.7 MPa ml/2 over the entire ~6600-h experiment under the different
environmental and loading conditions.

At the end of the test, the spreimens were sectioned for metallographic examination.
An SEM photograph of the fracture surface of the composite specimen (No. 02C-11), the
crack path near the crack-tip region, and the fracture surface of half the specimen at low
magnification _ are shown in Fig. 4(A). Photomicrographs of the entire fatigue precrack and
the crack-tip region of the conventional companion specimen (No. 02C-12) are shown in
Fig. 4(B). The fatigue crack in the latter specimen is filled with corrosion product.

The CCR results in Table 5 at different dissolved-oxygen levels and load ratios fall into
two ranges, i.e., -2 to 8 x 10-11 and -2 to 8 x 10-0 m.s-1 High CORs occurred at an R of
0.95 in water containing 0.3, 6, and 30 ppm dissolved oxygen (Tests 1, 5, and 3,
respectively). Low CORs were also measured at this R value in water containing -0.3-0.4
and 28 ppm dissolved' oxygen (Tests 2, 4, and 9). As mentioned previously, under constant
load (R = 1.0), an increase in dissolved-oxygen concentration from 6 to 30 ppm produced a
relatively small increase in the CORs (Tests 6 and 7). A significant decrease in load ratio
from 1.0 to 0.9 (sequentially in Tests 7-10) caused an abrupt transition to the high-CGR l

regime at an R of 0.9 in water containing -30 ppm dissolved oxygen.

These results, along with those from a previous composite specimen in which unusually
large jumps in crack length (=1-2 mm) occurred whenever Kmax was increased (followed
by periods -~of relatively slow crack growth),21 Indicate that triggering events in the
environment and/or in the loading conditions can produce abrupt changes in the CGRs by
two orders of magnitude. For example, increases in dissolved-oxygen concentration and
Kmax and decreases in load ratio can lead to high CGRs. Conversely, a transttion from the
high- to low-CGR regime can occur by decreasing the dissolved-oxygen concentration or by
. increasing the load ratio, However, steady-state CGRs can lic in either the high- or low-
- CGR regime for any given set of loading or environmental conditions. This is illustrated in
Fig, 5, which summarizes the results in Table 5 at an R of 0.95 for composite specimen
02C-11, the composite specimen (02C-1) from a previous experiment.21 and data from

-gold-plated and nonplated specimens of the same heat of ferritic steel.20.21

The heavy lines in Fig. 5 represent the predicted dependence of CGR on Kmax for
ferritic steels in 289'C water at an R of 0.95 and a rise-time Ta of 10 s. according to the
fatigue CGR curves for ferritte steels in LWR environments proposed recently by Eason.*
The model predicts a threshold for a transition from a low, nonenvironmentally assisted
CGR to a much higher rate. The threshold-Kmax predicted by the model (which includes
high-oxygen environments that may be more aggressive than those used in tests on which

p the model is based) is somewhat higher than the present data would indicate. The
_

'

persistence of low CGRs above the " threshold" is consistent with a hysteresis observed in
similar tests at lower R values in other investigations. One can * move up" the lower curve
above the threshold without triggering high CORs, but once high rates are achieved they
persist at lower Kmax levels. The interpretation of- the present tests in terms of the

i

' Personal Communication. David Jones. Chairman MPC Task Force on Crack Propaganon
Technology. to W. J. Shack. Argonne Nauonal Laboratory. August 1o91.
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Rgure 4. (A) crack path. fracture surface, and SCCfracture morphology of an 1TCT
composite inconel-182/A533-Gr B specimen (no. 02C-11) and (D) fatigue
precrack of a convent (onal A533-Gr D specimen (no. 02C-12) after a
crack growth experiment in high-purity anJgenated water at 289 C
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threshold model is complicated because we have not run * classical" threshold tests with a
fixed environment and a fixed R. The threshold is a function of R and probably of oxygen
level. ..istead of the single illustrative curve shown in Fig. 5. there should be a family of
curvea corresponding to the different conditions. The single curve is representative but
not necessarily predictive.
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Figure 5. CGRs of A533-Gr B steel under R = 0,95 loading in -

HP o.c)genated water at 289'C vs. Kam. Heavy line
represents predicted behavior from a modi iedf
version of Section X1 of the ASME code.

The upper-bound values for the experimental data in the high- and low-CGR regimes
are =2 x 10-0 and 2 x 10-11 m s-1 (-2.5 and 0 025 in. yr 1). respectively, at a Kmax value of
35 MPa m 1/2, Crack-growth rates in the upper regime are clearly unacceptable. The
nature of the transitions between the two regimes and the observation that the initial
fatigue crack in companion nonplated specimens did not propagate will be Investigated
further in future experiments.

3.2.1 Crack-Growth-Rate Tests on Ferritic Steel Specimens (J. Y. Park)

In another autoclave system. CCR tests have begun on a set of three ITCT carbon steel
specimens [Nos. CTW7-03 (A533-Gr 13 Ileat No. A5401 containing 0.004% S and
0.005% P); CTJ7-01 (AlOG-Gr 13 IIcat No. J7201. containing 0.014% S and 0.014% P); and
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02C-07 (A533-Gr B lleat No. A-1195-1, containing 0.018% S and 0.012% P)). The
chernical compositions of the steels are given in Table 1, Specimen No. 02C-07 was plated
with nickel-chromium to simulate austenttic SS cladding on a pressure vessel steel and
hence, determine the validity of using data obtained from specimens without cladding to
analyze the behaviar of a clad ferritic vessel where only the crack surface is exposed to the
environment, in previous tests, gold- or nickel-plated specimens showed higher CGib
than a conventional specimen.

The tests were perfonned in detontzed water at 289"C under a cyclic load (sawtooth
wave shape with 12-s loading and 1-s unloading times) at an R value of 0.2, a frequency of
0.08 Ilz, and a maximum initial stress intensity of 20 MPa m l/2 A dissolved oxygen
concentration of 200-300 ppb in the effluent water from the autoclave is maintained by
feedwater containing 2-3 ppm oxygen. Crack length was measured by the DC potential-
drop method. Results for the CGR tests are given in Table 6. The initial CGRs were
5.6 x 104, 1.3 x 104 and 3.9 x 104 m s-1, for Specimens CTW7-03, CTJ. -01 and
02C-07, respectively. The maximum load was then increased by 25% and the tests were
continued under the same load ratio and frequency. The CGRs increased to 1.0 x 10-8
3.3 x 104, and 7.8 x 104 m s-1 for respective specimens. The CGlh are plotted as a
function of maximum stress intensity in Fig. 6. The line in the figure represents the new
correlation submitted for inclusion in Section XI of the ASME code. Although the proposed
Section XI curve is based almost solely upon data for pressure vessel steels, the data for the
A10G-Gr B piping steel appears to be consistent with the curve. The CGRs of all specimens
are bounded by the ASME correlation. As expected, crack growth is faster in the nickel-
chromium plated high-sulfur-content A533-Gr B steel. Because of crack growth, the Kmax
increased to 26, 28, and 42 MPa ml /2, for Specimens CBV7-03, CTJ7-01, mid 02C-07,
respectively. The tests are continuing under different h>ad conditions.

Table 6. Crack Grototh of A533-Gr D and A106-Gr D 1 T-Compact Tension
h in 289*C Waterc Containing ~200 ppba at R = 0.2 LoadingSpecimens

Dtssolved Omgen

Elettremie Ibermale AIOti Gr D tNo CTJ7011 AW-Or il (No 02C 07) Am Gr it (No Clw7 031
Lead hanpla ted Nt Cr Planct honplated

Test Tt me. C#rst . AW Ur D. h, hito Km. A Grewd Nte. %,d , Orowth hie. QA Growth hie.

No b >$ c m- 1 mVtS H F) mVISH El MPa m /J me1 MPs m/3 me1 Mra ml/2 ma3l l

1 1012 0 19 244 2ti? O2 19 8 13 m to * 23 1 3 9 a los 20 1 5 5 a 108
1031

2 1032 0.19 255 263 02 28 3 3 2 a 10 8 41 h 7 (* a los ge; 3 3 o a lot
1049

alleat No. J72cl for A106 Gr-ll (Specimen No. CTJ7-Ol). A-11951 for A5334r 11 (Specimen No. 02C-o7)
and A5401 for A533-Gr il(Specimen No. CIW7-o3) Crack plane orientation was the tcT direction.

bFrequency of the positive sawtooth wase form was 8 x 10-2 112 wnh a 12-s rise time.
Citffluent dissolved oxygen concentration was -200-300 ppb; feedwater oxygen coacentrattori was

approximately one order of magnitude higher to compensate for oxygen depletion by corrosion of the
autoclave system.

dMaximum stress intensity, Kmax. values at the end cl the time pertod.
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Figure 6. CGRs vs. Kmatfor A533-Gr D (0.004% S),
Cr-Ni plated A533-Gr B (0.018% S), and
A10G-Gr B (0.014% S) specimens under
R = 0.2 loading in HP tmJgenated water
at 289'C

4 SCC of Type 304 SS-

4.1 Technical Progress

4.1.1 Role of Chromate and Sulfate in SCC of Type 304 SS (W. E. Ruther, W. K. Soppet,
and T. F. Kassner)

Soluble corrosion products from system materials are the major species present in -

BWR water when ingress of ionic impurities into the coolant system from leaks in
condenser tubes and from 'lon-exchange resins in the reactor water cleanup system
(RWCS), including resin fines, is maintained at very low levels. Examples include Cu+ and
Cu2+ in plants with copper alloy condenser tubes and/or feedwater heaters and HCroi from
corrosion of SS piping. weld cladding on Gie eterior of the reactor vessel, and internal
components fabricated from this materth!. Although chromate (K CrO ) is used as a2 4

corrosion inhibitor in component cooling water s} stems (CCWS) in DWRs and PWRs, these
systems operate at relatively low temperatures 1-170'C) and pressures (-150 psig); thus,

.

direct ingress of chromate from the CCWS into the reactor coolant water is unlikely under
normal operating conditions. Neverthele$ a because -only a small fraction of the
recirculation water in BWRs passes through the RWCS, the concentration of corrosion-
product ions in the reactor water can be considerably greater inan in the feedwater (e.g.,
-25-35 ppb versus <1 ppb. respectively). Consequently, HCrOi and the counterbalancing
hydronium cation (H3O+) are major contributors to water conductivity. To further mitigate
IGSCC of sensitized Type 304 SS in these systems through water chemistry control,
utilities have considered (1) neutralizing the residual chromic acid by NaOli additions to

i
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the feedwater (to take advantage of the lower specific conductivity of Na+ relative to that c1 - j

-Il3Of), and (2) devising methods to rennwe chromate from the water by lon exchange.22
,

4.1.2 Experimental Methods
,

A fracture-mechanics CGH experiment was performed to determine the rifect of
chromate additions to simulated IlWR water (without and with low levels of sulfatel on SCC
of our reference heat (No. 3095G1 of Type 304 SS (ecmposition is given in Tnble 1). Crack
length was measured by the D'Lpota tia'.-dr g (echnique over tune int eirals of
~S0021500 h at each test conditton. Three spectnens were Deat treated to prodacc a
solution-annealed condition and moderate and high levels uf sensituation corresivuding to -
electrochemical- potentiokinetic reactivation (EpR) values of - 0, 8, and 30 C e m 4, $

respectively. The specimens were fat igue- precracked in IIP water containing
200-300 ppb dissolved oxygen at 289*C. CGR tests were conducted in oxygenated water
with different chromate and sulfate additions under sescralloading condulous.

4.1.3 Results

The water chemistry, loading conditions, and results of the COR tesis are given in
Table 7. Steady-state CGRs were measured over time perkeds of c8001200 b under each
test condition, llaseline CGRs .were detennined under low-frequency (0.08 liz). high 3
(0.95) loading conditions in Tests I and 2 in Table 7. In Tests 3-6 and 9, either 0, 50, or
200 ppb chromate was added to the oxygenated feedwater and the CORs were measured. - l

in Tests 7, 8,10, and 11, different concentrations of sulfate (between 6 and 100 pph) were
added'to feedwater containing 50 ppb chromate to detenntne their comb!ned effect on the |
CGRs of the steel. In Tests 12 and 13, the chromate concentration in the feedwater was
increased to 200 ppb and the sulfate concentrations were 100 and 50 ppb, respectively. )

-<

The results in Table 7 reveal that the solution-annealed specimen (EPR = 0 C cm 2) j

exhibited very low CGRs (<5 x 10-12 m.s-1) under all water chemistry conditions. Of the i

two sensitized- specimens (EPR = 8 and 30 C:cm-2), the specimen with the lower EPR ;

value exhibited the highest CGRs under each test condition. This level of sens!!!zation j

produced maximum SCC susceptibility in slow-strain-rate-tensile (SSRf} tests .at 289 C (n
~

oxygenated ' water without and with .100 ppb sulfate.23 The results for the sensitized
specimens can be summartzed as fnllows, in oxygenated fe-dwater, 50-200 ppb chromale j

- has a beneficial effect 'as indicated by the low CCRs-(<7 x 10-11 m s-1) in Tests 3. 5, 6. and j

9c -In water containing 50 ppb chromate, low levels of sulfate (6 or 15 ppb) did not lead to i

high CORs in Tests-10 and 11. -In water = containing 50 ppb chromate and 25 or 100 ppb -I
sulfatc (Tests 7 and 8) -CGRs of the moderately sensitized specimen (EPR = 8 C em-2) j~

increased 3fgnificantly (to >3 x 10-10 m s-1), whereas the heavily sensitized specimen
exbibited this rate _In water containing 100 ppb sulfate. At a higher chmmate concentration -|

(e.g.,- 200 ppb) in oxygenated feedwater containing 100 ppb sulfate (Test 12), the CGRs of
the sensitized . specimens were high (>l x 10-10 m s-1). Ilowever, after decreasing the |

|sulfate concentration to 50 ppb (Test 13), the CGRs of the sensitized specimens decreased .
to <2 x 10-11 - m-s-1 j

h
;

I7

;

|
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Table 7 Crack Groteih Results for Sensitized * Type 301 SS Specimetts uruler litgh-R
Loachttph in Iligh-l'urity Oqigennled Water and in Oppoetmted Water Containing
Chrorn'De attd Sulfa!e at 28WC

kea-w t h omm mennal nomal nemouiow
~~

n,t am c.q q ca pc v4 s n m . e e m o y .s im a . n c e m r aq u ie m .w r t ~ r
Ns Tint, ecta d CON - C 254 ;t A4 h4% Pt Mg O me 'l tw e . h /, O fo m 'b N'f- K, g Genuih N'r

h nm n. 33 m i mman:a ru w w.ce m.i mnm m.I m W3 m,2s

i e ou on m .o v ., s.w a 24 z exsm> oa ium m I~
Jw

? 33 01 6 24 119 Ilw U7 S n 10 11 N9 3 3 e t o l* 22 5 8 3 a 13 il1204

3 1294 $n OD E 21 67 ? 14 27 $ a 10 il 3! 2 4 3 = I (, 11 p5 M?a 10 42
2 450

4 2150 e 2 t' 11 91 to 4 $n IU 13 3! % 4 't a 10 11 M6 8 7 a a0 13. *

3400

S 31M Tm 0 kJ 5 P1 PO to 0 27 7 % a 10 13 3i H 43L I t/ tl 24 7 # 7a lo U4400
$6 44 @ 50 - G 3. 6 09 $8 $1 21 s 5g t o 13 3i 4 4 .1 a 1 > 11 M7 k7a in iino

7 SPO S ie 2% 0 49 6 D1 Wi h 27? 5a LU M JJ 7 34a 10 24 T h 7 a. 4 3 l3'

w>
a tM kJ |00 t N. 5 71 in4 of 2r= % a to a asa 41 a a W 2, 4 J % m 10 W7Joa

9 7W- M e 27 0 15 R6 71 7? u ba! 12 35 t- 7 P n l ' Il me 3 h a 10 li6the

I(I h f*-4 SO ( 0 97 t. 21 % 's b ; 2'h 4g 1 IA 35 7 73a *I3 'U s O I24 IO Il3 Ont) ',

11 l eM9 fD 15 0 14 603 37 07 ?? 9 0 a 10 33 mJ 2 5 m 10 Il 3 ') 1 11m 50 18| 1.2 00

12 112 m 700 10t 1 70 f n -) WA I42 27 9 .4 x 1 ;3 35 9 3oa 10 38 3a 'I I7410 101 I MO

13 1 I fLW JD0 W l 3J % f.6 14 31 27 9 s 5 a 19 13 M2 1 M a 10 13 M4 iHk 10 13130M

dCompact-tension specimens (lTCD of Typ 304 SS tilcal No. 309%) recetted a wlution anneal heat treatmen
at IOMFC for o 'i h. Specimen No. 32 was tested in the sohvaon-annealed rondttton IEPR = o C(m 2L Specunen
No. 34 was senseint at 7oo'C for o 67 h (EPR= 8 C cm ) and Sprimen N133 at 70lYC for 24 h (EPR = 30 C cn. 2)2

b
Frequency and kud ratio. R, for the pmttve sawtooth wase funn were 8 x 10 2 Itz and o 95. respectively.

CEf0oent dissohedmxygen concentration was ~200 300 ppb, except in Test I at 5.5 ppm; feedmiter oxygen
concentration was higher by a factor af 3 in Tests bl3 to compensate for oxygen depletton by corroston of the
autxlave system.

d
Chronmte and sulfate were added to the fredwater as acids, efnuent chromate concentrations were -9 and 13 ppb
for fenhvmcr levels of 50 ar.d 200 ppb on the basis of colortmetnc analyses of grab samp!cs. ~

'Maxmnun auess intensity. K,,u,, values at the end of the time period

2

The present results ludicate that the CGRs of the sensitized specimens may exhthtt a
unique dependence on sulfate and chromate concentrations in oxygenated feedwater.
Figure 7 shows the CGRs of the moderately sensitized specimen (EPR = 8 C-cm-2) as a
function of the ratto of the concentratious of chromate and sulfate in the feedwater. When
these species were not added to the feedwater (Table 7), their concentrations were
assumed to be ~1 ppb for the purpose of obtaining the ratios in Fig. 7. The limited data
Luggest that the CGRs are in the low regime if the (CrO7)/(SOI) ratio in the feedwater
is 23. Chromate concentrations in feedwater and emuent water were deterrnined by
colorimetric analyses (Cr+c) on grab samples. The measured feedwater concentrations
were in excellent agreement with the amounts added to the water; however, the effluent

j
values were lower by a factor of >5 because of the low flow velocity and reaction with the
large surface area of stainless steel in the autoclave system at 280 C. The feedwater and
effluent sulfate concentrations were virtually the same in all experiments.

I8
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in feechvaler containing ~300 ppb dissoleed mygen

Altliough SSRT tests liulicated that chromate at concentrations >100 ppb in
oxygenated water contributes to IGSCC in a manner similar to that of other oxyantons,22.24 -

the present CGH lesults suppest that this species has a mitigating effect on IGSCC at lower
concentrations, provided that the sulfate concentrattori is lower by a factor of ~3. llecause
chromate concentrations in llWR recirculation water are -25-35 ppb. the sulfate
concentration should be nialutained at <10 ppb to mitigate IGSCC. Achievable values for
sulf ate arc <15 ppb and typically can be maintained at the -5 ppb level. Consetpiently,
these walt:r cheintstry condillons wouhl place sensitized Type 304 SS in the low-CGR
regime. Efforts to remove chromate from recirculation loop water without decreasing the
critical sultate level couhl be counterproductive. Furthermore, maintaining sulfate
concentrations at levels of <S ppb may be impract,1 cal.
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5 Irradiation-Assisted Stress Corrosion Cracking of Austenit'c SS
___

5.1 Technical Progress

5.1.1 Slow-Strain-Rate Tests on irradiated Austenttic SS (H. M. Cht.ag, W. E. Ruther,
and A. G. Hins)

In recent years, failures of reactor-core internal components in both BWRs and PWRs
have increased after accumulation of relatively high Quence (>5 x 1020 n cm-2. E >l MeV).
The general pattern of the observed failures indicates that as nuclear plants age and
neutron Quence increases, various apparently nonsensitized austenttic materials become
susceptible to intergranular failure. Some components are known to have cracked under
minimal applied stress. Although most failed compor.ents can be replaced, some safety-
significant structural components, such as the BWR top guide, shroud, and core plate,
would be very difficult or impractical to replace Therefore, the structural integrity of these
components after accumulation of high fluence 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 irradiation-assisted stress corrosion cracking DASCC) 25-42

Most of the safety-significant structural comoonents are fabricated from solution-
annealed austenitic SSs primarily commercial-purity Type 304 SS. Component fabrication
procedures and reactor operational parameters, such as neutron Hux, fluence, temperature,
water chemistry, residual stress, and mechanical loads, have been reported to influence
susceptibility to IASCC.25-30 However, results from research at several laboratories on
materials irradiated under a wide variety of simulated conditions are often inconsistent and
conf?cting as to the in0uence of these parameters.28.35

Failures of austenttic SS after accumulation of high fluence have been attributed to
irradiation-induced segregation (RIS) or depletion of elements such as Si, P. S, Ni, and Cr
at grain boundaries. It is generally believed that the nonequilibrium process of- RIS of
impurity or alloying elements is strongly influenced by irradiation-temperature and fast-
neutron dose rate, However, the exact identity of the elements that segregate and the
extent to which RIS contributes to the enhanced susceptibility of the core-internal
components of IWRs to IASCC are not clear. This is particularly true for Type 304 SS, from
which the majority of the safety-significant in-core components have been fabricated,
although analyses of RIS of impurity elements and grain-boundary depletion of Cr have been
reported for Type 304 SS specimens irradiated under simulated conditions, i.e., either in
test reactors,29.30,32 by electrons,29 or ions 34 36

In view of the strong influence of irradiation temperature and dose rate, results
obtained from specimens irradiated in test reactors and accelerators must be considered as
tentative, and benchmark analyses on actual reactor components must be obtained. For this
purpose, high- and commercial-purity dip and CP) Type 304 SS specimens obtained from
n-utron absorber tubes of two operating BWRs were analyzed by Auger electron
spectroscopy (AES) previously.40 41 HP'Iype 304 SS has been suggested as an alternative to
CP Type 304 SS. In-reactor and laboratory experience 26.27.33 indicate better IASCC

20
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performance of au llP- heat of'IYpe 348 SS than of a CP heat of Type 348 SS. As,cr
analyses of specimens from a CP Type 304 SS neutron absorber rod revealed significant
segregation of Si, P Ni,-and an unidentified element or compoum! that gives rise to an

|
Auger energy peak at 59 eV.40A1 Such segregation was negligible in llP material, execpt for
Ni. No evidence of S segregaton was observed in either matetial: llowever Cr depletion
was more pronotmeed in the llP material than in the CP material.

The results of the AES analyses of irradlaunu-induced grain houndary segreg"tlon of
impurity and alloying elements have been correlated with SCC susceptibility information
froin SSIG tests on specirnens from neutron-abso.-tm tod tubes to ptovide insight into
mechanism (s) of IASCC,

5.1.2 Experimental Methods

Procedures for preparation of the slow-strain-mte-tensile (SSIU) test spectinens and
- a description of the hot-cell SSIE apparatus were given in a previous report 41 The SSRT
specimens (89 mm long) were section d frcm top , middle , and bottom-axial positions of
the neutron-absorber-rod tubes. Maximum fluence at the top was detemiined from known
in-reactor flux data. Lower fluences at the other two axial locations wtu determined from
results of 60Co gamma scans on the entire length of the rods. Theerlatwe thience of each 3

'

894mm-long SSin specimen and the needlehke AES specime was verified further by
measuring gamma activity of each specimen after the boron caretde neutrou alisorber was
removed from the absorber-rod tubes.41 The fluence levels and chemical co'upositions of
the llP and CP specimens are given in Table 8. Documents on the chemicai composition of
the as-fabricated neutron absorber of the CP grade were not avahb!c from either the utthty

- or-the Ereactor-fuel supplier; therefore, the composition of the C' heat was determined
after discharge from the reactor following several years of m 1 m

SSRT tests were conducted on 12 specimens of CP and 1(P neutron-absorber-rod
tubes in air and in simulated BWR water at 289'C t a s r un rate of 1.65 x 10-7 rl to
determine tensile properties and 1ASCC susceptiblin' > os a function of neutron fluence. The
dissolved-oxygen concentration and ~ conductivits of the simulated DWR water were

surface maps of the SSRT~280 pph and 0.13 pS cm-1, respectively. SP' Tract *, '

speelmens were also ebtained. SEM fractagraphy was conducted at a magnification of
125X,' and an entire: fracture-surface compostte was constructed for each specimen to

~

- determine the fraction of intergranular, transgranular, and ductile failure.
.

Table 8. Chemkal Compe Mtion c .1 Fnst-Neutron Fluence of Irradiated ,

D pc 304 SS DWR Absorber-Rod Cladding
M aterhti t turrwe Spromen Compcunon (wt %|

Les el, code

1071 n cm-2 Cr- ht Mn c- N 11 56 e 5 o

lic-304 Sh 14 Vil- A7A IM 50 S 45 1 15- (1018 0 NO <0 (su <(k(L t - O f.n)S O (x LS -
d

. fic-304 SSa 0,7 VM-D50 1RM 9 44 L22 0.017 -. 0 037 - 0 0f arJ 0 02 0 002 0 0tn -

tic-304 Ss* 0.2 VL-A4C- name as VH- A7A

- cc-304 $$b 20 ILU%%2H . 19130 8 77 145 Or# 0 062 - 1.M 0 04T COV 0 024

06 Dt.-D%% 2 M

4 02 UL- Dw%2L

:riiP neutron-absorber tubes 4hmm-OD, o tamm-waH; composmon measured betore sernce.
bCP neutron-absorber tube. 4.78-mm-OD. o.70-mm-wall; composition measured hfter service.

t CRepresents maximum value in the specification; actual value not measured.
,
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5,1.3 Flesults

Test conditions, SSRT data, and SEM analyses of the 12 specimens are summarized in
- Table 9. Stress versus elongation curves for the CP and HP specimens ana shown in Figs,8
and 9, respectively. Each figure portrays SSRT data for low , medium , and high: fluence
specimens strutned to failure in simulated UWR water and air, uccause the cross. sectional

- area of the pull rod is large compared to that of the absorber tube specimen, the _ internal
pressure in the autoclave produces a high initial stress (240 to 290 MPa) on the specimens
tested in water. liowever, the relative characteristics of stress corrosion of the llP and CP
specimens can be deduced from these figures. As fluence increases, the relative reduction

;
in elongation (namely, the ra!!o of clongation in water to that in air) becomes smaller,
Indicating a greater degree of SCC. For a comparable fluence level of -0.7 x 1021 n.cm-2
(Figs. 80 and 90), the total elongation of the llP specimen l'sted in the simulated BWR
water ( 2%) was significantly lower than that of the CP spec ( 0.7%)...

Table 9. Slow-Strain-Rate-Tensilen Test Results on irradiated CP and HP Type 304 SS '

in Air and in HP Water Containing ~280 ppb Dissolted Gujgen at 289"C
Absurber P att- Fecha*n Obmm_rv S VT Nta'a e s

Hm! Hot-Cell Neutron Oxygen Omd pil t ellur e Mas tm um 1etal
- Sperimen Idenuncatlun klu mcc. $5HT Cmes at 2Ye. et2YC Time, Stres s, Coq . TTMC. ImCC,No Na nem*2 So pi . et s em-I h M P4 % % %

DL DwW2H ME3A 20sl@l IR 9 h b b 2tn 631 135 0 0
DL -IMR -2tl - 29Cin 20sl@l IR- 12 30 0 13 tl27 21 415 12 8 2n
litre %% 2M 3M9t3D 0 Cal @l IN-3 h b b 6MO 4m 34 h 0 0
Dl D%%2M 389t2A 00:1@3 IH-M 2m 0 15 6 32 140 35u m3 M o
UlrDWW2L 3MCEIA 0 2x 102I IH 2 b b b 2:10 mai 15 S 0 0
DirHWW2L 3M9 eld O 2x 1021 |H- 1 2M0 0 13 623 107 1 17 IL7 43 0

VihA7 A-L2 40tiAI F l4x 102l IR $ h b b R1 7H6 5 ti 0 0
Vib A7A-l.) 40tiAlt; 14al@I IH 4 2M O.10 ti H 11 417 0. 6 2 (3
VM-D5H-L2 40 tic 3 0711021 Dt 6 h b b 4m Mt 24 2
VM D511-LI 40fiC2 07a 1021 -IN7 2HO O 12 fL 26 31 SM i8 a M
vira 4C-L2 40tVt3 0.2a 1023 ' IH < lo b b b 231 e477 137 -

VL-A4C-L1 406H2 02a 10 3 . fH il 310 0 14 6 33 7I 620 46 47 14
23

" Strain rate of 1.65 x 10-7 si

Irrent in air at 289"C and strain rate of 1.G5 x 10-7 a4

5,1.3.1 Tensile Properties

Tensile properties of the CP- and _HP-grade neutron-absorber tubes, obtained from the
specimens tes_ted in- air, were .significantly modified as neutron fluence increased to
>0.5 x 1021 n-cm-2,. Figures 10 and 11 show the yield strength (YS) and ultimate tensile
strength (UTS) versus fast-neutron fluence (E >l MeV) of the CP and HP specimens-

strained to failure in air (from Table 9)c The figures contain similar data for CP-grade BWR
plate 25 and CP-grade | tenstle- specimens of Types 304 and 304L SS irradiated in the
Advanced Test Reactor (ATRJ at 300*C 30.

,
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Both YS and UTS data obtained from the present CP neutron-absorber tube are
consistent with those of the CP materials reported by Clarke and Jacobs26 and Jacobs
et al.30 The YS and UTS of the CP materials increase by a factor of -4 and 2, respectively,
as fluence increases from 0 to 3 x 101 n cm-2 However, for a comparable fluence level.2

both the YS and UTS of the HP neutron-absorber tube are significantly higher than those of
the CP materials. Fracture surfaces of the prescrit CP and HP specimens were examined by
SEM to charactertze the morphologies. The ductile-dimple fracture morphologies in the
CP and HP specimens were somewhat different, and tear ridges were observed only in the

,

CP material. However, based on SEM fractograpl y. it was not clear why the strength of the )3

HP heat was higher than that of the CP heat. To obtain a better understanding of relative
microstructural characteristics of the two heats, TEM examination is planned. No evidence
of intergranular morphology was observed in the fracture surfaces of the HP and CP
specimens strained to failure in air.

23

- - _ - ._. _ - ,



800 1000, , , , , , , , , , , , ,

HP 304 HP Wg) (g)
0 2 x 10E21 n cme 2 0 7 a 10E21 n emE 2

' ' ~

i . _ _ _ _ _ ,

[ # 239 'C i_ . goo . In An .

*
, d ME 40o , o

$
$ in Water,289'C ''

~

n
" 200 . 330 Re . y In Water,209"C

'

Dissolved Oxygen 200 g 280 gb -

Dissolved Onygon

Od ' ' ' ' ' ' J- 0: ..
' ' ' ' '

0 2 6 8 to 12 14 0 4 8 12 16 20 24 28.

Elongation (%) Elongation (%)
_

] 1000 i i , , i i

HP 30s (C) 11gure 9. Stress vs. elongation from
14 x 10E21 n cme-2soo , - SSRT tests in air and in

.
simulated DWR water atin A

j 600 -
'

- 289'C on ilP Type 304 SS
E DWR neutron-absorber

400 - - tubes irradiated to a
m nn water.2e9 C fluence of (A) 0.2 x 10''';'

200 * >/ *** W' ' (U) 0.7 x 1021; and
K Dissolved Oxygan

(C) 1.4 x 1021 n cm-2
0' _

' ' ' ' ' -

0 1 2 3 4 5 6
Elongation (%)

Figure 12 shows the total elongation versus fast-neutron fluence for the HP and CP
materials. For comparison, similar data from Refs. 25 and 30 for CP heats of Type 304 and
304L SS are also shown in the figure. The latter data were obtained at a significantly higher
strain rate than that in the present tensile tests, i.e., 4 x 10-4 s~l versus 1.7 x 10-7 s-l.
Despite the differences in strain rate and composition (i.e., lip vs. CP), the effects of fluence
on total elongation of both heats seem to be essentially the same. This is in contrast to the
effect of fluence on strength. Ductility appears to reach an asymptotic minimum value of
-5% at fluence levels >1.5 x 1021 n cm-2,
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Figure 10. Yield stress vs. fast neutron fluence (E >1 hieV)
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5.1.3.2 SCC Susceptibihty

A comparison of the stress versus elongation curves (Fig.13) for the HP and CP
specimens strained to fatlure in simulated BWR water teveals the relative susceptibility of
the materials to SCC. At all fluence levels, the total elongations of the IIP material were
lower than those of the CP heat, indicating a higher SCC susceptibt!!ty of the IIP material.
For example, at a fluence level of 0.6 to 0.7 x 1021 n cm-2 (Fig.138) the total clongation of
the HP specimen was -1.8%, compared to -8.3% for the CP specimen.

To determine SCC susceptibilities more quantitatively, SEM micrographs of the
fracture surfaces of the HP and CP specimens were obtained at a magnification of 125X.
Fracture maps that depict regions of intergranular (IG), transgranular (TG), and ductile
fracture for three HP and CP specimens are shown in Fig.14(A-F). The fractions of IG and
TG fracture, i.e., percent IGSCC and TGSCC, respectively, were measured from the
composite fracture surface maps and results were given in Table 9. The HP and CP
specimens irradiated to a fluence of 0.6 to 0.7 x 1021 n cm-2 exhibited ~34 and 0% IGSCC,
respectively, which is consistent with the lower total elongation of the HP specimen
IFig.13(B)), i.e., =1.8 vs. 8.3 %, respectively. The HP specimen irradiated to a fluence of
1.4 x 1021 n cm-2 (pig, j3C) exhibited IG fracture on ~58% of the fracture surface
IFig.14(C)]. Based on the maximum depth of IG fracture imm the surface map and time to
failure, the CGR in this specimen is -1.6 x 10-8 m s-1 This rate is virtually the same as
that for sensitized Type 304 SS from SSRT tests on cylindrical specimens in oxygenated
water at a low strain rate.43-45 'Ihe CGR of the HP specimen is higher by factor of ~10 than
that of the CP specimen irradiated to a fluence of 0.2 x 1021 n cm-2 IFig.13(All, in which

26

- - _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _



- _ ~ . - - - ~ _ _ _ ... ,

600600 (-w i , , , ~, , , , ,

W (U)
500 . 6P - 500 -

'

g

~/
'

'

- , . ,x . ,_ 4m

}M~"N{M~
~^ '~; ;

g~

100 - 0 2 a 10E21 n o*!r.2 . 100 0 6 to 0 7 a 10E21 n crnE 2

' ' '
0 '> O f' ' ' ' '

O 1 2 3 4 5 6 7 0 2 4 6 8 to

Elongallon (%) Clongstion (%)

f40 , , , , , ,

A
son ,e - nyure 13. Stress vs, elongation frotn

1 < s lor 21 n emE 2 SSRT tests in simulated DWR
*M

/ ''' water at 289'C on DP and CP
_yc / - 'q)pe 304 SS DWR neutron-

8
*

. fluence of(A) 0.2 x 102I:
| 2% absorber tubes: trradiated to a1

<0a wE21nsmE2m

,00 - (D) 0.6 to 0.7 x 101; and
(C) 1,4 to 2.0 x 10 l n cm-2

, , . . .
0 w
00 02 0.4 06 08 10 12 14

Elongetson 1%)

the fracture mode was predominantly TG and ductile failure iFig, 14(D)|, Typical IG
fracture morphologies for llP and CP specimens irradiated to the highest fluence levels

' (1.4 to 2.0 x 1021 n cm-2) are shown in Figs.15 (A) and (Ell, respectively.

For the three llP and CP SSRT specimens tested in simulated BWR water, the percent
IGSCC detennined from SEM fractography was, in general, consistent with the decrease in
total elongation. This is shown in Fig,16. The total clongation values were corrected
(increased) to acccunt for the initial elongation caused by the stress exerted on the
specimens in high-pressure water before the mechanical load was applied (Figs. 8 and 9),
Literature data from SSRT tests on Types 304 and 316 SS from CP-grade BWR components
are also plotted. The figure indicates that total elongation is also a good measure of !GSCC
susceptibthty,

Figure 17 shows a relationship between the percent IGSCC and neutron fluence for our
CP heat of Type 304 SS, along with similar data of Clark and Jacobs,25 Jacobs et al.,30 and

,

Kodama et al.42 on CP heats of'lypes 304 and 316 SS. The materials in the study by Jacobs
et al.30 were irradiated at 3005C in the ATR, whereas the other heats were from BWR-
Irradiated components. The SSRT tests in all of the studies were conducted at 288 or
289*C in simulated BWR water containing several dissolved-oxygen concentrations, n . nely,

j
0.2, 8, or 32 ppm. Despite the wide range of strain rates and dissolved-oxygen

27
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F

concentrations in One various tests, the dependence of 10 fracture morphology (percent
.

IGSCC) on neutton fluence is reasonably cos Stent. '

A comparison of the percent IGSCC versus fast-neutron fluence ill >l MeV) for the
present CP and H1' heate is shown in Fig.18, along with similar results from SStrr tests on

,

'
'

CP grade llWR dry tubes reported by Koduna e. al.12 All of these data were obleined rt a
strain rate of =2 x 104 m s"l in water containin61 200 ppb dissolved oxygert The figure j
indicates that ICSCC susceptibility of CP matettal frorn our neutron-absoiber tube and the

(
dry tube is similar ut a comparabla fluence level, and that the llP material exhibits greater
SCC susceptibility. Duplicate tests Mll be perfonned on speelinens from the llP-grade ;
absorber tube and the CP-grade control-blade-sheath to fuither confinn the results,

!

6 Summary of Results
.,

,

6.1 Fatigue of Ferritic Piping and Pressure Vessel Steels

Tht fatigue lives of a inedium-sulfur-content A533-Gr D pressure vessel and Al0G-Gr*

H piping steels were studied in high-purity deoxygenated water. In sinnulated PWR
water. and in alt. Compared to results in air, the lives of A533-Gr il steel in water in '

,

i most cases were shorter by a factor of ~2. One test at a slower strain rate (by a factor of
100) Indicated that strain rate has a minimal effect on fatigue life in deoxygenated
wat er. No significant effect of the environment was observed in tests on A100-Gr !!

,

steel. '

t

6.2 Stress Corrosit, ; racking of Ferritic Steels

Fracture-mechanics CGR tests have been performed on composite spectinens of -*

A533-Gr U/inconel-182/Inconel-600 plated with nickel, and on homogeneouts
specimens of A533-Gr U material plated wtus gold and nickel. The effects of load
history and dissolved-oxygen content were examined. The CGRs increased markedly
during small-amplitude cyclic loading (R - 0.95). Under the cyclle loading, crack
growth was observed at Ibn values that produced no crack giowth under constant
(R = 1) loading. Under R = 0.05 loading, relatively high CGits (2 x 104 m s-1) were
observed in llP tuer containing ~300 ppb dissolved oxygen. When the specimen is in .

the low-CGR regime (2 x 10-Il m s-1), increasing the dissolved-oxygen concentration
to 6 ppm or higher initiated a return to the high CGR regime, at least at an R value of
0.95.

S.3 Effects of Chrornate and Sulfate on SCC of Type 304 SS

. Currect HWR operating practices have reduced to very low levels the ingress of ionic+

impurttles (e.g., sulfate, chloride) into the coolant system. Soluble corrosion products
viz., chromate and the counterbalancing hydronium lon, are now the major ionic

1
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species present, liccause only a small fraction of the recticulation water in llWits
passes througii the reactor water cleanup systern, the concentration of chroinate ions
in the reactor water can be ruuch greater than in the feedwater (e.g., ~25-35 ppb
versus el ppb. respectively). The CGits of sensitized Type 301 SS utuler high-R. low-
frequency loading are low (<4 x 10-1I m s-1) provided that the chlornate/ sulfate
concentration ratio in oxygenated feedwater is >3. Thus, a low chroinate concentration

in llWR water (25-35 ppb) may actually have a beneficial effect on SCC, provided that
the sulfate concentration is below a critical level O e.. -10 ppb).

6.4 Irradiation-Assisted Stress Corrosion Cracking of Type ?O4 SS

Failures of austenitic SS after accumulation of high fluence have been attributed to*

radiation-induced segregation (RIS) of elements such as St. P S, Ni, and Cr.

Microchernical and microstructural changes in high- and commercial-purity (llP and
CP) 'lype 304 SS specimens from control-blade absorber tubes in two operating IlWRs
were studied by Auger electron spectroscopy and SEM. SSiff tests were conducted on
tubular specimens in air and in siinulated ilWR water at 289'C. Results in air showed
that the yield and ultimate tensile strengths of the llP material were higher than those
of the CP material for a comparable fluence.

Stress versus elongation characteristics of the SSiff specimens were consistent with*

results of SEM analyses of the percent ICSCC on fracture surfaces. IGSCC susceptibility
of the p'esent CP absorber tubes was sitnilar to that of other CP heats of Types 301 and
310 SS reported in the literature, flowever, the llP absorber tubes exhibited greater
IGSCC susceptibility than did the CP inaterials.

* - It is difficult to explain the relatively high susceptibility of the llP material on the basis
of Si or P r,egregation, because isnpurity segregation in the llP absorber tubes was
negligible for all fluence levels. Rather, the high susceptibility seems to be consistent
with the observation that irradiation-induced Cr depletion was more significant in the
11P heat than in the CP heat, indicating that irradiation-induced grain-boundary
depletion of Cr is the primary process in IASCC, at least in simulated llWR water.
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