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Environmentally Assisted Cracking in Light Water Reactors

by

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

Abstract

This report summarizes work performed by Argonne National Laboratory on fatigue
and environmentally assisted cracking (EAC) in light water reactors (LWRs) during the six
months from October 1992 to March 1993. Fatigue and EAC of piping, pressure vessels,
and core components in LWRs are important concerns as extended reactor lifetimes are
envisaged. Topics that have been investigated include (1) fatigue of low-alloy steel used in
piping, steam generators, and reactor pressure vessels, (2) EAC of cast stainless steels
(SSs), (3) radfation-induced segregation and irradiation-assisted stress corrosion cracking
of Type 304 SS after accumulation of relatively high fluence, and (4) EAC of low-alloy
steels. Fatigue tests were conducted on medium-sulfur-content A106-Gr B piping and
AB33-Gr B pressure vessel steels in simulated PWR water and in air. Additional crack
growth data were obtained on fracture-mechanics specimens of cast austenitic 8Ss in the
as-received and thermally aged conditions and chromium-nickcl-plated A533-Gr B steel
in simulated boiling-water reactor (BWR) water at 289°C. The data were compared with
predictions based on crack growth correlations for ferritic steels in oxygenated water and
correlations for wrought austenitic SS in oxygenated water developed at ANL and rates in
air from Section XI of the ASME Code. Microchemical and microstructural changes in
high- and commercial-purity Type 304 SS specimens from control-blade absorber tubes
and a control-blade sheath from operating BWRs were studied by Auger electron
spectroscopy and scanning electron microscopy.
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Executive Summary

Fatigue of Ferritic Piping und Pressure Vessel Steels

Plain carbon steels are used extensively in PWR and BWR nuclear steam supply systems
as piping and pressure vessel materials. The sleels of Interest for these applications
include A106-Gr B and A333-Gr 6 for scamless pipe and A302-Gr B, A508-2, and
AB533-Gr B plate for pressure vessels. Additional fatigue tests were conducted on medium-
sulfur-content A106-Gr B piping and A533-Gr B pressure vessel steels In simulated PWR
water and in air. The fatigue life of AB33-Gr B sleel (n deoxygenated water is generally
shorter by a factor of 2 than that (n air. No significant effect of the agueous environments
was observed In tests on A106-Gr B steel. The elfects of load shape and loading rate will
be further explored in subsequent testing.

Envtronmentally Assisted Cracking of Cast Stainless Steels

Additional crack growth rate (CGR) tests have been conducted on fracture-mechanics
specimens of CF-8, and CF 8M grades ol cast stainless steel (88) in as-recelved and
thermally aged condiilons to characterize environmental, loading, and matertal conditions
that can produce susceptibility to stress corrosion cracking (SCC) in these steels. The
CGRs in high-purity water containing 0.2 and 5-8 ppm dissolved oxygen were compared
with predictions found in Section XI ol the ASME code for wrought 8S in alr and with
modified correlations for wrought $8s in water. The results indicate that the alr curve is
frequently nonconservative, but for the most part, the data are bounded by the modified
correlations for wrought SS8s h water at 289°C. Thermal aging Increases the yleld and
ultimate strengths of the steels, and the CGRs in water tend to increase with the square of
the yleld stress of the materfals.

Irradiation-Asststed Stress Corroston Cracking of ‘Type 304 8S

Failures of austentitic SS alter accumulation of high [luence have been attributed to
radiation induced segregation (RIS) or depletion ol elements such as Si, P, S, Ni, and Cr,
However, the exact identity ol the elements that segregate and the degree to which RIS
produces susceptibility of the core tuternal components of LWRs (o trradiation-assisted
SCC are unclear,  Slow- strain rate tenstle (SSKRT) (ests and grain boundary analyses by
Auger electron spectroscopy (AES) were conducted on high and commerctal-purity (HP
and CP) Type 304 SS specimens from irradiated BWR components.  Contrary to previous
beliefs, susceptibility to fntergranular stress corrosion cracking (IGSCC) could not be
correlated with RIS of tmpurities such as Si P, C, or S, but a correlation was obtained with
grain- boundary Cr concentration, indicating that Cr depletion plays a role. However, grain-
houndary concentrations of Cr determined from presently avatlable field emission-
gun/scanning- transmission electron- microscapy/energy dispersive -spectroscopy (FEG-
STEM-EDS) and AES techniques are not acenrate enough to clarify the importance of Cr
depletion.  Grain boundary analyses were conducted on BWR neutron absorber tubes that
were fabricated [rom two HP heats of Type 304 58S that had virtnally tdentical chemical
compositions and irradiated to similar fuence level bat that exhibited a significant
difference in susceptibility to 1GSCC during SSRI tests. Grain boundary concentrations ol
Cr, Ni, Si, P, S, and C of the resistant and susceptible heats were virtually identical.



However, grain boundaries of the restistant material contatned a lower coneentration of N
and higher concentrations ol B and Li than those of the susceptible material,

Boron is known (o undergo thermal segregation to grain boundaries in austenitic 8Ss.
Therefore, grain-boundary concentrations of B, and hence L1 could be Influenced strongly
by thermomechanical processes cven i core internal components are fabricated from the
same starting material.  During slow cooling of thicker sections (e.g.. BWR top guide),
thermal segregation of B, and hence Li, is likely to be more pronounced. This will be
conducive to suppression of IASCC under conditions ol a similar thermal sensitization (l.e.,
Cr depletion). The present study Indicates that a synergism between grain-boundary
segregation of N and B impurities and transmutation by thermal neutrons to H and LI,
respectively, plays an important role in IASCC. However, the relative importance of the
roles of grain-boundary Cr depletion and the concentrations of N, B, and LI on grain
boundaries is not yet clear,

Stress Corrosion Cracking of Ferritic Steels

Additional fracture-mechanies CGR tests have been performed on nonplated
specimens of A106-Gr B and A533 Gr B steel and on a spechmen of AB33-Gr B plated with
Ni-Cr. The effect of [requency on CGR was determined at a load ratio of 0.9 in HP
oxygenated (=200 ppb) water at 289°C.  The CGRs for the Ni Cr-plated A533-Gr B
specimen were compared with predicted values from new correlations proposed for
inclusion in Section X1 of the ASME Boller and Pressure Vessel Code. The observed CGRs
were adequately bounded by the proposed ASME Section X1 correlations,



1 Introduction

Fatigue and environmentally assisted cracking (EAC) of piping, pressure vessels, and
core components in light water reactors (LWRs) are important concerns as extended
reactor lifetimes are envisaged. The degradation processes in U.S. reactors include fatigue
of austenitic stainless steel (SS) in emergency core cooling systems® and pressurizer surge
line** piping In pressurized water reactors (PWRs), Intergranular stress corrosion cracking
(IGSCC) of austenitic SS piping in boiling water reactors (BWRs), and propagation of fatigue
or stress corrosion cracks (which initfate in sensitized SS cladding) into low-alloy [erritic
steels In BWR pressure vessels.””* Sunilar cracking has also occurred in upper-shell-to-
transition-cone girth welds in PWR steam generator vessels,* and cracks have been found
In steam generator feedwater distribution piping.*+ Occurrences of mechanical-vibration-
and thermal-fluctuation-induced fatigue fallures in LWR plants in Japan have also been
documented.! Another concern s fallure of reactor-core internal components after
accumulation of relatively high fluence, which has occurred in both BWRs and PWRs. The
general pattern of the observed fatlures indicates that as nuclear plants age and the neutron
fluence Increases, many apparently nonsensitized austenitic malterials become susceptible
to intergranular failure by a degradation process comtzonly known as frradiation assisted
stregs corroston cracking (IASCC). Some ol these fatlures have been reported lor compo-
nents subjected to relatively low or negligible stress levels, e.g., control-blade sheaths wnd
handles and Instrument dry tubes ol BWRs,  Although most flailed components can be
replaced, some safely-significant structural components, such as the BWR top gulde,
shroud, and core plate, would be very dilficult or tmpractical to replace. Research during
the past six months has focused on () fattgue of ferritic steels used In piping, steam
generators, and pressure vessels; (b)) EAC of cast austenilc $8s; (¢} IASCC in high- and
commercial-purity (HP and CP) Type 304 8S specimens from control blade absorber tubes
and a control blade sheath used in operating BWRs; and (d) EAC of ferritic steels.

2 Fatigue of Ferritic Steels

Plain carbon and low-alloy steels are used extensively in PWR and BWR steam supply
systems as piping and pressure vessel materials. The steels ol interest in these
applications Include A106-Gr B and A333 Gr 6 lor scamless pipe and A302 Gr BB, Ab08-2,
and A533-Gr B plate for pressure vessels.  The ASME Code Section I (Division 1,
Subsection NB) includes rules for the construction ol nuclear power plant Class 1
components, It recognizes latigue as a possible mode of Tailure In pressure vessel steels
and piping materfals.  Figure 190 ol Appendix | to Sectton [ specifies the fatigue destign
curves for the applicable structural materials. The current Code design curves are based

* USNRC Information Notice No. 88-08, “Thermal Stresses in Piping Connected o Reactor Coolant Systems,”
June 22, 1988, Supplement [, June 24, [988; Supplement 2, August 4, TORE; Supplement 3, Apreil T, 1989,

** USNRC Information Notice No. 8811, “Pressurizer Surge Line Thermal Stratification,” December 20, 1988,

*** USNRC Information Notice No. 80-20, “Cracking of Cladding tn Its Heat Alfected Zone in the Base Metal of a
Reactor Vessel Head,” April 30, 1990,

*+ USNRC Information Natice No. 90 04, "Cracking of the Upper Shell to-Transition Cone Girth Welds in Steam
Generators,” January, 26, 19690,

++ USNRC Information Notice No. 9119, "Steam Generator Feedwater Distribution Piping Damage,” March 12,
1991,



primarily on strain-conuolled fatigue tests of small polished specimens in air at room
temperature.?2 To obtain the Code falgue design curves, best-fit curves to the
experimental data were decreased by a factor of 2 on stress or a factor ol 20 on cycles,
whichever was more conservative al each point. The factors were intended to account for
uncertainties In translating the experimental data of laboratory test specimens to actual
reactor components. The factor of 20 on cycles is the product of three subfactors: 2.0 for
scatter of data (minimum to mean), 2.5 lor size effects, and 4.0 for surface finish,
atmosphere, etc.3 “Atmosphere” was Intended to reflect the effects of an industrial
environment rather than the controlled environment of a laboratory. The effects of the
coolant environment are not explicitly addressed in the Code design curves.

Recent fatigue strain vs. life (S/N) data from the U.8.410 and Japan!!-13 illustrate
potentially significant effects of LWR environment on the fatigue resistance ol carbon and
low-alloy steels. In some cases, failures were observed below the ASME Code fatigue
design curve, These resulls raise the issue of whether the fatigue design curves in Section
Il are appropriate for the purposes intended and whether they adequately account for
environmental effects on fatigue behavior, The factors of 2 and 20 applied to the mean-
data curve may not be as conservative as originally intended.

The primary sources of U.S. data on latigue of lerritic steel in LWR environments are
the data obtained by General Electric Co. (GE) in a test loop at the Dresden 1 reactor,4.5
tests performed by GE/Electric Power Research Institute (EPRI),S and the work of
Terrell. 7.8 Nearly all these data are on carbon steels. The data from Japan have been
compiled n the data base JNUFAD® for "Fatigue Strength of Nuclear Plant Components.”
The results for A508-Cl 3 low alloy steel and A333 Gr 6 carbon steel have been published
by Higuchi and lida!! and lida et al.}2 and lor forged A508 C1 3 and rolled A533-Gr B low-
alloy steels by Nagata et al. 13

Several trends are clear from the available S/N data. The magnitude ol the decreasc in
fatigue life depends on the alloy composition, temperature, and conceatration of dissolved
oxygen (DO) in the water, Al the very low DO levels characteristic of PWis and BWRs with
hydrogen/water chemistry, environmental effects on fatigue lfe are modest at all
temperatures and strain rates. Fatigue life decreases rapidly as DO increases over a rather
narrow range of =<0.1-0.3 ppm, but further Increases up to 8 ppm cause only a modest
decrease in life. In oxygenated water, fatigue life strongly depends on temperature and
strain rate. Al a given strain rate, fatigue life increases by a factor ol 5 or more as the
temperature is decreased from 288 (o 200°C. For the same environment and strain range,
fatigue lives can be decreased by a factor of =50 by reducing the strain rate from 0.1 to
0.0001%/s. Limited data indicate that only the tensile strain rates (strain rate during the
tensile half of the strain cycle) are important in environmentally asststed reduction in
fatigue life. Based on the existing S/N data, Argonne National Laboratory (ANL) has
developed Interim fatigue design curves that take into account temperature, DO level in the
water, sulfur level In the steel, and strain rate, 14

* Private communication from M. Higuchi, Ishikawajima-Harima Heavy Industries Co., Japan, to M. Prager of
the Pressure Vessel Research Council (PVRC), January 1992, The old database “FADAL” has been revised and
renamed “JNUFAD."



The S/N data on carbon and low-alloy steels in water, however, are somewhat limited
and do not cover the range of loading conditions found in actual reactor operation. For
example, virtually all data in LWR water are at relatively high strain ranges. Furthermore,
environmental effects on crack initiation have been considered as a possible mechanism for
the reduction in fatigue life.11.12 High-sulfur steels are more susceptible because cracks
can initiate at surface miicropits that form near manganese sulfide (MnS) inclusions.
Effects of crack initiation are important only at low strain ranges, where experimental data
are not avalilable. At high strain ranges, fatigue life is dominated by crack propagation.

The data also do not extend over the range of strain rates normally encountered in
service; e.g., some transients may have strain rates as low as 0.00001%/s. Extrapolation of
available data to such low valucs would predict a reduction in [atigue life by a factor of >300.
The relatively good service experience of carbon steel piping in BWRs, i.e., 288°C water
with 0.2 ppm DO, suggests that the effect of strain rate on fatigue life must saturate at some
level, although no such saturation has been observed experimentally. The JNUFAD data
show that environmental effects on fatigue life are greater for carbon steel than for low-
alloy steel.!! However, most low-alloy sleels that have been investigated in JNUFAD are
low-sulfur heats (<0.007 wi.%). It is likely that differences between carbon and low-alloy
steels are caused by the sulfur content of the steels and that compositional or structural
differences have only minor effects on fatigue life.

2.1 Technical Progress (0. K. Chopra, W. F. Michaud, and W. J. Shack)

The objectives of this task are o (a) conduct [atigue tests on carbon and low-alloy
steels under conditions where information is lacking in the existing S/N data base,
(b) establish the effects of material and loading variahles on environmentally assisted
reduction in fatigue life, and (c) validate and update the proposed interim fatigue design
curves. Fatigue tests are being conducted on A106-Gr B carbon steel and A533-Gr B low-
alloy steel in water and in air at 288°C. Initial results have been presented earlier.9.10 For
both carbon and low-alloy steels, environmental effects are modest in PWR water at all
strain rates. The experimental elfort during the present reporting period focused on the
effects of strain rate and alloy composition on fatigue life in simulated BWR water. Several
fatigue tests were compleled on A106-Gr B and AB33-Gr B steels at 288°C in water
containing =0.8 ppm DO to conflirmn the strong effect of strain rate on [atigue life and to
determine whether the strain-rate effect saturales at very low values.

2.1.1  Experimental

Low-cycle fatigue tests are being conducted on A106-Gr B carbon steel and A533-Gr B
low-alloy steel with an MTS closed-loop electrohydraulics machine. The A533-Gr B
material was obtained from the lower head of the Midland reactor vessel, which was
scrapped before the plant was coripleled. The A106-Gr B material was obtained from a
508-mm-diameter schedule 140 pipe fabricated by the Cameron Iron Works, Houston, TX,
The chemical compositions of the {wo malterials are given in Table 1, and average room-
temperature tensile propertiies are given in Table 2. Microstructures of the steels are
shown in Fig. 1; carbon steel has a pearlitic structure, whereas the low-alloy steel consists
of tempered bainite. Smooth cylindrical speciinens with 9.5-mm dlameter and 19-mm



Table 1. Chemical composition (wt.%) of ferritic steels used for fatigue tests

Source/
Material Reference? C P S Si Fe Cr Ni Mn Mo
Carbon Steel
A106-Gr BP ANL 0.29 0.013 0.015 0.25 DBal 0.19 0.09 0.88 0.0b6
Supplier 0.29 0.016 0.015 0.24 Bal - - 0.93 -
Al106-Gr B Terrell (7) 0.26 0,008 0.020 0.28 DBal 0.015 0.002 0.92 0.003
A333-Gr 6 Higucht (11) 0.20 0.020 0.015 0.31 DBal - - 093 -
- te
AB33-Gr B¢ ANL 0.22 0.010 0.012 0.129 Bal 0.18 0.561 1.30 0.48
Supplier 0.20 0.014 0.0l6 0.17 BRal 0.19 0.50 1.28 0.47
Ab33-Gr B JNUFAD 0.19 0.020 0.010 0.27 Bal 0.13 0.60 1.45 0.52

8 Reference number given within parentheses.

b Schedule 140 pipe 508-mm 0.D. fabricated by Cameron Iron Works, Heat J-7201. Actual heat
treatment not known.

¢ Hot-pressed plate 162 mm thick from Midland reactor lower head. Austenitized at 871-899°C for
5.5 h and brine quenched, then tempered at 649-663°C for 5.5 h and brine quenched. The plate
was machined to a final thickness of 127 mm. The L.D. surface was inlaid with 4.8-mm weld
cladding and stress relieved at 607°C for 23.8 h.

Table 2. Average room-temperature tensile propertles of ferritic steels

Yield Ultimate Reduction
Stress Stress Elongation in Area
Material Reference? (MPa) (MPa) (%) (%)
Carbon Steel
Al106-Gr B ANL 301 572 23.5 44.0
Al06-Gr B Terrell (7) 300 523 36.6 66.3
A333-Gr 6 Higuchi (11) 302 489 41.0 80.0
Low-Alloy Steel
A533-Gr B ANL 431 602 27.8 66.6
A533-Gr B  JNUFAD 488 630 27.7 65.2

2 Reference number given within parentheses.

gage length were used for the fatigue tests (Fig. 2). Specimen gage length was given a
1-um surface finish in the axial direction to prevent circumferential scratches that might
act as sites for crack initiation.

Tests in water were conducted in a small autoclave with an annular volume of 12 mL
(Fig. 3). A schematic representation of the system is shown in Fig. 4. The once-through
system consists of a 132-L supply tank, Pulsafeeder™ pump, heat exchanger, preheater,
and the autoclave. Water is circulated at a rate of =10 mL/min and a system pressure of
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Figure 2. Microstructures of (@) A106-Gr B carbon steel and (b) A533-Gr B
low-alloy steel

9 MPa. The autoclave is constructed of Type 316 SS and contains a titanfum liner. The
supply tank and most of the low-temperature piping are Type 304 SS; titanium tubing is
used in the heat exchanger and for connections to the autoclave and the electrochemical
potential (ECP) cell. The ECPs of platinum and an electrode constructed of the same
material as the fatigue specimen were monitored during the test against an
0.1 M KC1/AgCl/Ag external relerence electrode. An Orbisphere meter and CHEMetrics™
ampules were used (o measure the DO concentrations in the supply and elfluent water.



Figure 3. Awoclave system for fatigue tests in water

All tests were conducted at 288°C with fully reversed axial loading (i.e.. strain rato
R =-1) and a triangular or sawtooth wave form. Unless otherwise mentioned, the strain
rate for the triangular wave and fast-loading half of the sawtooth wave was 0.4 %/s. Tesls
in water were performed under stroke control where the specimen strain was controlled
between two locations outside of the autoclave. The fixture and linear-voltage-differential
transducer (LVDT) for stroke control can be seen to the left of the autoclave in Fig. 3.
Tests in air were performed under strain control with an axial extensometer; specimen
strain between the two locations used in the water tests was also recorded. Information
from the air tests was used Lo determine actual strain in the specimen gage length for tests
in water,

Simulated BWR water containing =0.8 ppm DO was prepared by bubbling nitrogen
containing 1-2% oxygen through delonized water in the supply tank. Water samples were
taken perfodically to measure the pl, resistivity, and DO concentration. Alter the desired
concentration of DO was achieved, the nitrogen/oxygen gas mixture was maintained on the
supply tank at a 20-kPa overpressure. Simulated PWR waler was fonmulated by dissolving
boric acid and lithium hydroxide in 20 L of defonized water before adding the solution to
the supply tank. The DO in defonized water was reduced to <10 pph by bubbling nitrogen
through the water. A vacuum was drawn on the tank cover gas to speed deoxygenation.
After the DO was reduced to the desired level, a 20-kPa overpressure of hydrogen was
maintained to provide =2 ppm dissolved hydrogen i the deoxygenated feedwater.

8
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Figure 4. Schematic diagram of autoclave system for fatigue tests in water environment
2.1.2 Results

The fatiguc results on A106-Gr B and A533-Br B steels are summarized in Tables 3
and 4, respectively. The fatigue life, Ngs, corresponds to the number of cycles for a 25%
decrease In tensile stress amplitude. The total strain range vs. fatigue life curves for the
‘arbon and low-alloy steels in alr are shown in Figs. 5 and 6. Results from other
investigations8.11 on similar steels with comparable composition, in particular the sulfur
content, and the ASME Scction I mean-data curves are also included in the figures.

The resulls indicate that for both steels, strain rate has no effect on fatigue life in air.
The data for A106-Gr B steel are in excellent agreement with results obtained by Terrell7.8
on A106-Gr B steel, bul are lower by a factor of =5 than those obtained by Higuchi and
IHda!! on A333-Gr 6 steel. Also. the data [or A106-Gr B steel are below the ASME mean-
data curve for carbon steel at room temperature at high strain range (by a factor of 3), but
are above the ASME mean curve at low strain range. The results for AB33-Gr B steel show
good agreement with the JNUFAD data on A533 Gr B steel and the ASME mean-dala curve
for low-alloy steel at room temperature.



Table 3. Faligue test results for A106-Gr B steel at 288°C

Test Environ Dissolved pll Tensile Comp. Stress  Strain Life
Number ment Oxygen at 26°C Cond. Controle  Rate Rate Range  Range Nog
(ppb) (nScm-1) (%/s) (%/s) (MPa) (% {Cycles)
1498 Alr - - - Strain 0.4 04 1001.4 1.004 1,048
1653 Alr - - - Strain 0.4 0.4 921.1 0.767 3,253
1615 Alr - - - Strain  0.04 0.4 969.8 0.766 3,873
1609 Alr = - - Strain  0.004 0.4 1026.0 0.766 3,721
1643 Alr - - - Strain 0.4 0.4 8:8.2 0502 14,6256
1619 Alr -~ - - Strain 0.4 0.4 74:.7 0.401 37,142
1621 Alr - - - Strain 0.0l G4 787.1 0.403 38,128
1650 Alr - - - Strain 0.4 0.4 68!.7 0.3563 68,768
1662 Air - - - Strain 0.4 0.4 680.6 0.362 93,322
1644 Alr - - - Strain  0.004 0.4 702.0 0.364 >95,000
1646 Air - - - Stroke 0.4 0.4 976.7 0918 1,365
1612 Atr - - - Strok. 0,004 04 1008.2 0.779 3,424
1664 Air - - - Stroke 0.4 0.4 896.8 0.730 3,753
1548 Alr - - - Stroke 0.4 0.4 831.9 0.646b 10,632
1665 Air - - - Stroke 0.4 0.4 676.3 0.343 08,4586
1547 PWRb 8 6.7 23.3 Stroke 0.4 0.4 1010.9 0.987 692
1564 PWRP 12 6.6 21.7 Stroke 0.4 0.4 942.0 0.769 1,626
15649  PWRD 8 6.7 256.6 Stroke 0.4 0.4 827.0 0,633 9,306
1660 PWRb 12 6.6 23.7 Stroke 0.4 0.4 701.3 0383 35.100
1666 PWRb 8 6.6 22.7 Stroke 0.4 0.4 7109 0.360 38,832
1632 BWR 800 5.8 0.11 Stroke 0.4 0.4 913.3 0.740 2,077
1614 BWR 400 5.9 0.11 Stroke  0.004 04 9304 0.786 303
1623 BWR 800 5.9 0.08 Stroke  0.004 0.004 943.8 0.792 338
1616 BWR 800 5.8 0.08 Stroke 0.0004 0.4 912.8 0.799 163
1620 BWR 900 5.9 0.11 Stroke 0.00004 0.004 943.1 0.794 161
1634 BWR 800 5.8 0.16 Stroke 0.4 0.4 733.2 0400 19,318
1624 BWR 800 6.9 0.10 Stroke  0.004 0.4 775.7 0.468 2,276
1639 BWR 800 5.9 0.09 Stroke 0.004 04 751,86 0418 29561

& Values for stroke-control tests are approximate. Actual strain rates are $5% of the listed value.
b Contains 2 ppm lithium and 1000 ppm boron,

The total strain range vs. latigue life plots for A106-Gr B and A533-Gr B steels In
simulated PWR water contlaining <10 ppb DO, 1000 ppm boron, and 2 ppm lithium are
shown In Figs. 7 and 8, respectively. The results indicate a marginal effect of PWR water on
fatigue life at high strain ranges. For both steels, fatigue lives in PWR water are up to a
factor of 2 lower than those in air at a strain range >0.5%. Fatlgue lives in water and alr
environments are comparable at a strain range <0.5%. Limited data on A533-Gr B steel
indicate that a decrease in the strain rate by two orders of magnitude does not cause an
additional decrease in fatigue life. The results for A106-Gr B steel are consistent with the
data obtained by Terrell8 in simulated PWR water where no noticeable effect of strain rate
or environment on fatigue life was ubserved (Fig. 7). The results are also consistent with
the data of Iida et al.!2 and Prater and Colfin,!5.16 in which the effects of environment were
minimal at DO levels of <100-200 ppb.

The effect of oxygenated waler (0.8 ppm DO) on fatigue life of A106-Gr B and A533-
Gr B steels is shown in Figs. 9 and 10, respectively. The results indicate that
environmental effects depend strongly on strain rate and that only strain rate during the
tensile half of a strain cycle is important. The steels show Identical behavior; fatigue life
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Table 4. Fatigue test results for Ab33-Gr B steel at 288°C

Test  Environ Dissolved pli Tensile Comp.  Stress  Strain Life
Number ment Oxygen at 25°C Cond. Controlt  Ralea Ratea  Range  Range Nag
{ppb) (uScem-1) (9/8) (%/s) (MPa) (%) (Cycles)

1808 Alr - - - Strain 0.4 0.4 910.9 1.002 3,306
1618 Alr - - - Strain 0.4 0.4 866.1 0.762 6,792
1625 Alr - - - Strain 0.004 0.4 887.7 0,767 4,502
15086 Alr - - - Strain 0.4 0.4 767.6 0.501 31,200
1576 Alr - - - Strain 0.004 0.4 805.8 0.503 28,129
16090 Alr - - - Strain 0.4 0,004 821.1 0.503 24,471
1640 Alr - - - Strain 0.4 0.4 710.9 0.402 65,880
1617 Alr - - - Strain 0.4 0.4 602.5 0.353 2,053,295
1521 Alr - - - Stroke 0.4 0.4 889.4 0.810 3,219
1523 Alr . - - Stroke 0.4 0.4 808.6 0917 2,206
1622 Alr - - - Stroke 0.4 0.4 805.4 0.80¢ 3,410
1624 Alr - - - Stroke 0.4 0.4 §92.3 0.850 3,714
15256 Air - - - Stroke 0.4 0.4 743.6 0.452 65,768
1638 Air - - Stroke 0.4 0.4 708.0 0.387 1,000,000
15286 DIb 18 - - Stroke 0.4 0.4 476.4 0.873 3,332
1827 Db 17 6.0 - Stroke 0.4 0.4 762.8 0.493 10,292
1528 Db 5 5.8 - Stroke 0.4 0.4 744.1  0.488 25,818
1530 PWRe 3 6.9 41.7 Stroke 0.4 0.4 885.5 0.894 1,355
1545 PWRe 8 6.9 22.7 Stroke 0.4 0.4 889.7 0.886 3,273
1533 PWRS 4 6.9 45.5 Stroke  0.004 0.4 916.0 0,774 3,416
1520 PWR® a3 6.9 45.5 Stroke 0.4 0.4 743.4 0,484 31,676
1588 PWR¢ 6 8.5 23.83 Stroke 0.004 0.4 H28.7 0.514 16,321
1606 PWRe 9 6.5 23.8 Stroke 0.4 0.004  785.2 0.460 »>57.443
1539 PWRe¢ 6 6.8 38.5 Stroke 0.4 6.4 604.8 0.373 136,570
1842 PWRe 6 6.6 27.0 Stroke 0.4 0.4 631.8 0.354 »>1,154,802
1646 BWR 800 6.1 0.07 Stroke 0.4 0.4 831.1 0.721 2,736
1626 BWR 900 6.9 0.13 Stroke 0.004 0.4 610.1 0.788 247
1627 BWR 800 5.9 0.10 Stroke 0,004 0.4 826.8 0.534 769
1641 BWR 800 5.9 0.09 Stroke 0.4 0.4 693.0 0.374 17,367
1647 BWR 800 6.1 0.08 Stroke ¢4 0.4 648.0 0.363 26,168

& Values for stroke-control tests are approximate. Actual strafn rates are £5% of the listed value,
b Detonized water.
€ Contains 2 ppm lithium and 1000 ppm boron,

decreases rapidly with a decrease In strain rate. Compared with tests in air, fatigue life in
oxygenated water is lower by a factors of 2 and 10 at strain rates of 0.4 and 0.004 %/s,
respectively, Fatigue tests were conducted on A106-Gr B steel, at a total strain range of
=0,75% with a sawtooth wave formn and tensile strain rates between 0.4 and 0.00004 %/s,
to establish the elfect of strain rate on fatigue life. Relative fatigue life, t.e., ratio of fatigue
life in water to that in air, is plotted as a function of strain rate in Fig. 11. The results
indicate that the effect of strain rate saturates at =0.0004 %/s; latigue life in water is lower
by a factor of 20 lower than in air. The results also indicate that only the slow tensile-
strain cycle is responsible for environmentally assisted reduction in fatigue life. Two
fatigue tests on A106-Gr B steel at a strain range ol =0.75, one with a sawtooth wave form
(l.e., 0.004 and 0.4%/s strain rales, respectively, during the tensile and compressive halfl of
the strain cycle) and the other with a triangle wave lorm (lL.e., 0.004 %/s constant strain
rate), show i{dentical fatigue lives (Fig. 9).
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Plots of cyclic stress range vs. [atigue cycles for A106-Gr B and AB33-Gr B steels
tested In air at 288°C and a total strain range of ~0.76% are shown In Figs. 12 and 13,
respectively. The cyclic strain-hardening behavior of the steels Is consistent with thetr
microstructure. The A106-Gr B steel, with a pearlitic structure and low yleld stress,
exhibits rapid hardening during the Initial 100 cycles of fatigue life. The extent of
hardening increases with applled strain range. The A106-Gr B carbon steel also shows
significant dynamic strain aging, ¢ 4., cyclic stress increases throughout the test. Fatigue
strength of the material Increases with decreasing strain rate without affecting its fatigue
Ile significantly (Fig. 12). In contrast, the A533-Gr B low-alluy steel consists of a bainitic
structure, has a relatively high yleld stress, and shows little or no initial hardening and
dynamic strain aging (Fig. 13). At low strain ranges, the AB33-Gr B steel shows cyclic
softening during the inittal 100 cycles of fatigue life (Fig. 14).

The cyclic stress vs. strain curves for A106-Gr B and A533-Gr B steels at 288°C are
shown In Figs. 15 and 16, respectively; cyclic stress corresponds to the value at half life.
The results for A106-Gr B steel show excellent agreement with the data obtained by
Terrell.8  The total strain range Ay (%) can be expressed in terms of the cyclic stress
range (MPa) with the equation obtained by Terrell at 288°C:

AO Aa
aec= 1078 * (1670.43)" "5 (1)

The best-fit stress vs, strain curve for AB33-Gr B steel 18 represented by

Ao Ao
Aev= 19g8.0 * (956.0)'" " (2)
For both steels, an aqueous environment has little or no effect on the cyclic stress-strain
behavior. The effect of strain rate on the cyclic stress-strain Is quite pronounced In
A106-Gr B carbon steel because of dynamic strain aging of the material, whereas strain rate
has a modest effect on the cyclic stress-strain curve for A533-Gr B low-alloy steel,

In general, the surfaces of A106-Gr B and AB33-Gr B specimens tested in simulated
PWR water developed a grey/black corrosion scale. In addition, the specimens tested In
water containing 0.8 ppm DO showed patches of a loose brown/red deposit. Micrographs
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ol the gage surface of the steels tested i alr and stimulated PWR and BWR witer are shown
In Fig. 17, X ray diffraction analysis of the spectmen surfaces indicated that for both steels,
the corrosion scale is primarily magnetite (FeqOq) i simudated PWR water but also contains
some hematite (FeaOgy) alter exposure to delontzed water containing -0.8 ppm DO,
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All specimens tested In water showed surfuce micropitting.  Most likely, these surface
pits formed by selective dissolution of MnS inclusions.  Typical examples of micropits on
AB33-Gr B low-alloy steel in simulated PWR water and delonized water containing =0.8
ppm DO are shown In Fig. 18. These pits can act as sites for crack initiation: they are often
assoclated with cracks. A detailed examination of gage length surfaces of the fatigue test
specimens is in progress to establish the elfect of the aqueous environments on crack
inittation,

2.1.3 Discussion

Fatigue data in oxygenated waler reveal significant reductions in fatigue life and a
strong dependence on strain rate. However, there is little difference in environmental
degradation of fatigue life between A106-Gr B carbon steel and A533~Gr B low-alloy steel
that contain comparable sulfur levels. Although the cyclic stress-strain and cyclic
hardening behavior is distinctly different, the reduction In fatigue life of the two steels Is
comparable or somewhat greater for the low-alloy steel (Figs. 9 and 10). The carbon steel
also exhibits pronounced dynamic strain aging, whereas strain aging effects are modest In
the low-alloy steel.
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3 Environmentally Assisted Cracking of Cast SSs
in Simulated BWR Water

Cast-duplex SSs are used extensively in the nuclear industry in pump casings, valve
bodies, piping, and other components in coolant systems of LWRs. The steels correspond
to ASTM Specification A-351 grades CF-3, CF-3A, CF-8, CF-8A, and CF-8M, where the
compositions of CF-3A ana CF-8A fall within the composition limits of CF-3 and CF-8, but
are further restricted to obtain ferrite/austenite ratios that result in higher ultimate and
yield strengths. The molybdenum-free CF-3 and CF-8 grades contain low- and high-
carbon concentrations (<0.03 and <0.08 wt.%, respectively) and are similar in composition
to wrought Types 304L and 304 SS. The Mo-containing CF-3M and CF-8M grades with
low- and high-C content are similar to Types 316L and 316 SS, respectively. After many
years of service at reactor operating temperatures, these steels can undergo thermal aging
embrittlement that is caused by precipitation and growth of a Cr-rich o’ phase, an Ni- and
Si-rich G phase, M23Cg, Y (austenite} in the ferrite, and additional precipitation and/or
growth of existing carbides at the ferrite/austenite phase boundaries. !7-26 These
compositional changes increase the tensile strength and decrease the impact energy and
fracture toughness of the steels.26-37 In general, the low-C CF-3 grade is most resistant
and the Mo-bearing high-C CF-8M grade is least resistant to thermal embrittlement.28.31

An inspection of the drywell of a BWR to determine the cause of an increase in
unidentified leakage revealed a through-wall crack in the manual gate valve in the
condensate return line of the emergency condenser system." Subsequently, the internal
components of other valves in the emergency condenser system were removed and
inspected by visual, radiographic, and ultrasonic tests. Inspections of the inner surface of
the valves revealed cracks near drain holes in the valve bodies, which were made from CF-
8M SS. Some of the cracks were within 0.15-0.35 in. of passing through the 1.26-in. wall
thickness (=70-90% through wall). A metallographic examination of a boat specimen
revealed that the material contained =15% della ferrite and that the crack propagated
transgranularly with little secondary cracking, which {s characteristic of a fatigue crack.

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

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

During this reporting period, fracture-mechanics CGR tests were completed on three
additional 1TCT specimens of cast SS, namely, as-received CF-8 (Heat 68, No. 681-08) and
specimens of CF-8 (Heat 68, No. 682-05) and CF-8M (Heat 75, No. 752-04) aged for
30,000 h at 350°C. Results obtained on as-received CF-8M (Heat 75) and specimens of CF-
8M (Heat 75) and CF-8 (Heat 68) steel aged for 10,000 h at 400°C were presented in the
previous report.38 As in the case of the previous specimens, the aging condition was
sufficient for both heats of steel to reach a “saturation” Charpy-impact energy Cysat, l.€., @
minimum value that would be achieved by the materials after very-long-term aging. The
actual value of the saturation impact energy for a specific cast SS is independent of aging
temperature but depends strongly on the composition of the steel. It is lower for the Mo-
bearing CF-3M and CF-8M steels than for the Mo-free CF-3 and CF-8 steels, and
decreases with an increase in ferrite content or the C or N concentration in the steels.
The room-temperature Cygay values for cast SSs in thermal aging embrittlement studies
conducted at ANL35 ranged from =30 to 162 J-cm-2, The room-temperature impact
energy values for Heats No. 75 (CF-8M) and 68 (CF-8) aged for 30,000 h at 350°C were 30
and 65 J-cm-2, respectively, which are indicative of materials with low fracture toughness
after thermal aging. The chemical composition and ferrite content of these steels, and of
CF-3 and -3M grades tested previously,39.40 are given in Table 5.

Table 5. Chemical composition and ferrite content of cast SSs for corroston fatigue tests in
simulated BWR waler

Material Heat Composition (wt.%) Ferrite (%)
No. Cr Mo Ni Mn Si o N P S Calc. Meas.
CF-8 68 2064 031 808 064 1.07 0.063 0.062 0021 0014 149 234
CF-8M 75 20.86 2.58 9.12 053 067 0065 0.052 0022 0012 248 27.8
CF-3 P2 20.20 0.16 938 0.74 094 0.019 0.062 0.01l9 0006 125 156

CF-3M F5524 19.38 2.38 11.80 096 1.35 0.018 0.099 0.015 0.005 5.9 5.0

CGRs of the as-received CF-8 and aged (30,000 h at 350°C) CF-8 and CF-8M specimens
are shown in Table 6. Four tests were conducted in 289°C high-purity (HP) water
containing 4-5 ppm DO at a frequency of 0.08 Hz, and stress intensities Kmax of 30 to
35 MPam!/2 where the load ratio, R, was varied from 0.3 to 0.9. The oxygen level was
then reduced by a factor of 10 (to =0.4-0.5 ppm) and several of the tests were repeated.
After Test 7, the system was shut down to remove the aged CF-8M specimen that had
reached the maximum permissible crack length and the experiment is being continued to
investigate the effects of DO concentration on the CGRs of the remaining CF-8 specimens.
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Figure 21 shows the dependence of the CGRs of as-received and aged CF-8M and CF-8
specimens on DO concentration in HP water from (hese and previous tests38 at R values of
0.90-0.95. At DO concentrations >1 ppm, the CGRs of thermally aged CF-8M are higher by
one order of magnitude than for the steel in the as-received condition. Thermal aging has
a smaller effect on the CGRs of CF-8 SS under these conditions.

10.8 E T T LN B M 141 T LA I & a2
289°C 5
@ CF-8M (aged) 1
o CF-8M (as-recelved) " 1
10° L e CF8 (aged) o %
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Figure 21, Crack growth rates qf as-received and
thermally aged CF-8M and CF-8
grades qf cast SS under high-R loadtng
in HP water at 289°C

The experimental results in Table 7 for these specimens and for as-received CF-3 and
CF-3M specimens reported previously39.40 were compared with predicted CGRs for
wrought SSs in air and in water under the various loading conditions (Fig. 22). The lines
denoted as asuper8.0 and aguper0.2 in Fig. 22 represent predictions from interim correla-
tions developed a' Argonne for 289°C water that contains ~8 and ~0.2 ppm DO.4! The
predictions of the present correlation for wrought SS in air in Section XI of the ASME code
are represented by the diagonal straight lines. Clearly, the alr curve is frequently
nonconservative, The experimental CGRs for CF-8, -8M, and -3M specimens lie above the
alr line (solid curve), but for the most part are bounded by CGRs from the modified
correlations for wrought SSs in water at 289°C. The CGRs of the CF-3M and CF-8M
specimens (with carbon content of 0.018 and 0.065 wt.% and ferrite content of =5 and
27.8%, respectively) show the largest environmental enhancement in both the as-received
and aged conditions.
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Table 7. Summary aqf crack growth results for cast SS specimensa at d{fferent load

ratiob and stress intenstty values in 289°C water

Potentials

Water Chemistry COGR Data
Load Rise ANL
Cond., Oy 80% . 104 88, I, Ratto Freq.,  Time,  Kpa®t  AKd Rate,  Report
uSem=! ppm ppb mVI(SHE) 109 Hz s MPam 172 1019 ms!  No.
As-recelved CF-3M Specimen (Heat No. F5524) Containing 8.0% Ferrite
0.0 02 100 186 120 0.95 7.7 12 22.6 113 1.80 90/4
0.90 02 100 108 66 0.28¢ 10.0 8 20.7 168.80 38.0 80/4
0.0 02 100 81 41 0.98 7.7 12 24.0 1.20 2.50 90/4
1.10 02 100 134 05 1.00 4] " 24.1 0 0.32 90/4
As-received CF-3 Specimen (Heal No. P2) Containing 15.6% Ferrite
0.93 02 100 180 208 0.50 7.7 12 19.6 .80 27.0 90/48
0.92 02 100 147 200 0.90 7.7 12 19,7 1.97 0.09 90/48
0.92 02 100 |2} 189 0.0 17 12 21.8 2.18 0.40 90/48
0.92 0.2 100 176 210 0.98 7.7 12 29.2 1.46 0.11 00/48
Ar-received CF-8M Spectimen (Heat No. 78) Containing 27.8% Ferrite
0.13 8.2 0 258 332 0.93 7.7 12 25.3 1.26 <0.02 93/2
0.16 8.3 0 240 317 0.956 7.7 12 34.7 1.73 1.6 03/2
0.14 7.0 0 242 2986 0.95 7.7 12 a5.2 1.76 1.8 03/2
0.13 <0.002 0 -B60 ~BRO 0.98 7.7 12 a6.2 1.76 <0.02 93/2
0.18 0.3 0 Iud 243 0.495 7.7 12 36.4 1.82 1.4 93/2
0.11 11 0 218 260 0.48 7.7 12 36.8 1.84 1.5 93/2
0.11 09 0o 2086 287 1.0 0 = 36.8 0 <0.02 03/2
0.10 7.2 0 247 301 0.95 7.7 12 45.0 2.24 2.5 93/2
/\g(‘dlr CF-8BM Spectmen (Heat No. 75) Containing 27.8% Ferrite
0.13 6.2 0 254 312 0.48 7.7 12 24.7 1.29 4.4 83/2
0.16 5.4 0 240 317 045 7.7 12 37.2 .86 8.1 93/2
0.14 7.0 0 242 296 0.95 7.7 12 46.0 2.30 19.8 93/2
0.13 <0002 0 -B60 -580 0.48% 7.7 12 46.0 2.30 <0.02 03/2
0.18 0.3 0 198 243 0.95 7.7 12 47.5 2.8 1.1 93/2
0.11 1.1 0 216 260 0.95 7.7 12 83.6 2.68 7.3 03/2
0.11 09 0 2086 257 1.0 0 - 61.4 0 20.8 93/2
AgedB CF-8M Specimen (Heal No. 78) Containing 27 8% Ferrite
0.07 4.4 0 256 280 0.HO 7.7 12 31.8 6.6 58.0 93/27
0.u8 4.3 0 237 243 090 7.7 12 331 3.31 16.2 93/27
0.07 4.2 0 247 301 0.70 7.7 12 34.9 10.47 122.0 03/27
0.07 4.5 0 252 337 0.30 7.7 12 38.2 26.74 349.0 93/27
0.11 0.43 0 205 218 0.90 7.7 12 40.6 4.06 15.9 093/27
0.07 0.60 0 214 228 0.70 7.7 12 434 13.14 110.0 03/27
0.11 0.50 0 205 211 0.0 7.7 12 52.5 36.78 666.0 93/27
As-recelved CF-B Spectimen (Heat No. 68) Containing 27.8% Ferrite
0.07 4.4 0 286 280 0.80 7.7 12 30.2 6.04 16.9 093/27
0.08 4.3 0 237 243 0.90 7.7 12 30.5 3.06 3.9 v3/27
0.07 4.2 0 247 301 0.70 7.7 12 30.9 9,27 39.2 03/27
0.07 4.5 0 282 337 0.30 7.7 12 32.0 22.40 170.0 03/27
0.11 0.43 o 208 218 0.90 7.7 12 32.4 3.24 2.9 93/27
0.07 0.60 0 214 228 0.70 7.7 12 33.1 9.93 32.8 93/27
011 0.60 0 205 211 0.30 7.7 12 34.4 24.08 157.0 03/27
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Table 7. (Cont'd)

Water Chemistry Potentials CGR Data
lLoad Rise ANL
Cond., ©Op S8Of . 1304 88, P, Ratto Freq.,  Thne,  Kpax®  aKJd Rate,  Report
pSem-! ppm  ppb mV(SHE) 10912 8 MPam 1/ 1010 ms-t  No.

Aged! CF-8 Spectmen (Heat No. 68) Containing 27.8% Ferrite

0.13 6.2 0 288 332 0.95 7.7 12 26.0 1.30 <0,02 913/2
0.18 5.3 0 240 317 0.95 7.7 12 35.0 1.75 0.42 93/2
0.14 7.0 (¢} 242 296 0.95 7.7 12 36.9 1.48 4.6 93/2
0.13 <0.002 0 -B8860 -BHO 0.498 7.7 12 368.9 1.85 <0.02 93/2
0.18 0.3 0 198 243 0.45% 7.7 12 47.4 1.87 0.893 03/2
0.1 1.1 0 2i6 260 0.95 7.7 12 37.8 1.89 1.4 093/2
0.11 0.9 0 206 287 1.0 0 - 37.8 0 «<0.02 93/2
0.10 7.2 0 247 301 0.95 7.7 12 52.8 2.62 11.3 913/2
AgedE CF-8 Spectmen (Heat No. 68) Contalning 27.8% Ferrite
0.07 4.4 0 288 280 0.80 7.7 12 30.9 6.18 31.9 93/27
0.08 4.3 0 237 243 0.90 1.7 12 31.3 3.13 5.4 093/27
0.07 4.2 0 247 301 0.70 7.7 12 42.1 4.63 83.7 03/27
0.07 4.5 0 252 347 0.30 7.7 12 33.0 23.10 157.0 93/27
0.11 0.43 0 208 218 0.40 7.7 12 33.6 3.36 4.2 913/27
0.07 0.680 0 214 223 0.70 7.7 12 34.4 10.32 32.4 a93/27
0.11 0.850 0 205 211 0.30 7.7 12 15.8 25.06 191.0 93/27

4Compact-tension specimens were fubricated from Heat No. F8524 (0.71CT) and from [leats No. "2, 68,
and 78 (1TCN.

bpositive sawtooth waveform was used.
CStress intensity, Kinax vatlue at the end of cach time period.

dAK = Kmax“ - R}, where the load mtio R = Kinn/ Kinux-
¢Sine wavelorm was usced.
fSpcctmcna aged for 10,000 h at 400°C.

Bspecimens aged for 30,000 h at 350°C.

As mentioned previously, thermal aging embrittlement Is caused by precipitation and
growth of a Cr-rich o’ phase, a Ni- and Si-rich G phase, M2aCag, Y (zustenite) in the ferrite,
and additional precipitation and/or growth of existing carbides at the ferrite/austenite
phase boundaries. These compositional changes Increase the tensile strength and
decrease the Impact energy and fracture toughness of the steels, where, in general, the
Mo-free grades (CF-3 and -8) are more resistant and the Mo-bearing (CF-3M and -8M)
grades are less resistant to thermal embrittlement. The tensile properties35 of the varlous
steels {n the as-recelved and thermally aged conditions at 289°C are shown in Table 8.
Tensile properties of wrought Types 30442 and 316NG43 SS are also included in the table.
To determine whether corrosion-fatigue behavior of the steels in high-temperature water
can be correlated with the thermal aging characteristics, the CGRs under high-R loading
were plotted versus the square of yleld stress oy for specimens of the same heats under
identical aging conditions (time and temperature). The limited results in Fig. 23 indicate a
linear relationship between the CGRs and ay? in water containing 4-8 and 0.2-0.4 ppm
DO, within the uncertainty of the experimental data. Data for wrought grades of Types 304
and 316NG SS are ulso included in the figures (solid symbols).44
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Fgure 22. Corroston fatigue data for as-recetved CF-3, -3M, and -8M and aged CF-8M
and -8 cast 88 (n water containing 8 (left) and 0.2 (right) ppin DO at 289°C.
Diagonal lines correspond to crack growth in air in Section X1 of the ASME
Code. Dashed lines tndicate predictions from a correlation for wrought SS.41

Table 8. Tenstle properties of wrought and cast 8Ss at 289°C
Material Heat No. _ Aging Conditions Tensile Properties Rel. No.
Time Temp. oy oy ty RA# HY
{h) (°C) (MPa)  (MPa) (%) (W) (MPa)

304 88 30956 Solution-Annealed  512.0 152.0 53,0 77.0 679.2 42
CF-8 68 As-Recetved 412.3 156.4 379 60.6 675.1 35
CF-8 68 10,000 400 475.6 176.7 34.4 47.6 868.9 35
CF-8 68 30,000 350 427.3 190.4 253 41.7 936.14 35
316NG  P91576  Solution-Anncaled  466.0 142.0 200 64,0 1117.2 43
CF-8M 75 As- Received 474.8 191.5 305 45.0 928.9 35
CF-8M 75 10,000 400 630.4 208.2 23,7 314 17814 35
CF-8M 75 30,000 350 615.9 264.4 23.0 302 1528.3 35

AReduction in area,

bgtrain-hardening cocfictent ; H = (o - oy ) /ey
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Figure 23. Dependence qf CGRs qf as-recelved and thermally aged CF-8 and -8M
cast SS on yteld stress qf the materials at 289°C under high-R loading tn
water contatning 4-8 (left) and 0.2-0.4 (right) ppm DO, Solld symbols
denote wrought Types 304 and 316NG SS.

In the case of pure mechanical fatigue, where environmental effects are absent, the
CGR da/dN (m/cycle) can be written as45

da '
ma(yry')rpcow (3)

where yr and y are the the average plastic strain in forward and reverse slip, 0 represents

the favorably oriented slip direction within the plastic zone, and rp is the cyclic plastic
zone size 46

2
r n_lm[..é.}SvJ
P" an 20, (4)

and AK = Kmax - Kmin and oy Is the yleld stress. The time-base CGR da/dt (m:s-1) is given

by
da _daf1 {h”’ ) L ak )
w‘an(r)‘ T 5*(5“ cos
r r R 40y (5)
where t, is the rise time (s) of the positive sawtooth wave form. When strain hardening of
the material is considered,48 the CGR compensated for strain hardening can be written as
pde pda(1), B _@K?
dt” ANy )y I-R) g2 (8)

where B is parameler that combines several microstructural and geometric factors, R is the
load ratio Kmin/ Kmax. and H is the strain-hardening coefficlent

(7)

where oy and oy are the ultimate tensile and the yleld strengths, respectively, and e is the
total strain at fallure of the material.
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In the absence of any environmental effect on crack growth at a constant rise time and
AK in the Paris regime (power law exponent for AK of =3), Eq. 6 Indicates that the strain-
hardening-compensated CGRs, Hlda/dt), should decrease as the yleld strength increases
following a 1/0y? dependence, Le., a logarithiie plot of Hida/dl) versus oy? would have a
slope of -1. Although data for the dependence of CGRs on yield stress are sparse, CGRs
(compensated for the strain hardening behavior) of an 0.5Cr 0.5Mo-0.26V steel with
different heat treatments, which produce a tange ol yleld strengths, follow this type of
dependence In alr at amblent temperature 45.47

In the present tests on as recelved and thermally aged cast $S8s in high-temperature
oxygenated water, the strain-hardening compensated CGRs tend to Increase as the yield
strength increases, as shown In Fig. 24, The lines on each plot in Figs. 23 and 24
represent a slope of 1, which indicate that the CGRs tn oxygenated water, us well as those
compensated by the strain-hardening coefficient, are propurtional to ay?, in contrast to
1/0y2 In the case of pure mechanical fatigue of the ferritie steel tnoalr,
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Figure 24. Dependence of strain hardening compensated CGRs af as recetved and
thermally aged CE- 8 and  8M cast 8S on yicld stress of the matertals at
289°C under high R loading (n water containing 4 8 (left) and 0.2 0.4 (right)
ppm DO, Solid symbols denote wrought Types 304 and 316NG SS.

Fracture mechanies CGR tests are in progress on other heats of cast 88 to determine
the elfects of thermal aging on corrosion fatigue bhehavior over o wider range ol loading
conditions.

4 Irradiation-Assisted Stress Corroslion Cracking of Austenitic SS

In recent years, fallures of reactor core internal components (n both BWRs and PWRs
have increased after accumulation of relatively high fluence (25 x 1020 nem 2, K >1 Mev).
The general pattern of the observed [allures indicates that as nuclear plants age and
neutron fluence increases, varlous apparently nonscensitized austenitic 88s become
susceptible to Intergranular fatlure.  Some components (e.d., BWR control blade handle and
sheath) are known (o have cracked under minunal applied stress.  Although most fatled
components can be replaced, some safely significant structural components, such as the
BWR top gutde, shroud, and core plate, would be very dilficult or mpractical to replace,
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Therefore, the structural integrity ol these components alter accumulation of high fluence
has been a subject of concern, and extensive research has been conducted to provide an
understanding ol this type ol degradation, which s commonly known as irradiation-
assisted stress corrosion cracking (IASCC)

In the mid 1960y, investigators began to implicate uimpurities such as 8L P, and 8 In
IASCC fatlure of fuel cladding Tabricated from solutton anncaled nonsensitized austenitic
88 18 52 Since then, it seems that the coneept of superior reststance of HP matertals of
888 low In St P, S, and C has proved validd alter the favorable experience with HP Type 348
SS fuel eladding in the La Crosse BWR™ and the subsequent demonstration of superior
performance of the low N HEF 348 S8 heat lrom swelling tube tests ina BWR and Pwi 04 58
Although data were very imited, resulis frome o laboratory slow stradn riate-tenstle (88SRT)
testad0 alsg suggtest superior performance ol the same HE heat of Type 348 88 investigated
in Refs. 53 55 The better petlormance seemed to indicate that radiation - induced
segregation (RES) ol Sias the predominant process, because RIS of other impurities and Cr
depletion i the HP and CPF Type 348 8S were either simitlar or conld not be detected by
Held emission gun scanting transtission electron microscopy (FEG STEMEDS IC has also
been reported that Type 316L 0SS, readiated in the mixed speetrom Advanced  Test
Reactor (ATR), exhibited better resistanee 1o SCC than Type 316NG 8857 ndicating a
pussible benelit of Tow N On the bhasis of this experience with ‘Types 348 and 316 88, HP
Type 304 88 has been sugested as o better alternative to CPIype 304 88, which has been
used (o fabricated the majority ol core mternal components ol operating BWRs and PWRs,
Recently, Jucabs reported that BWR nentron absorber tubes (QC AT, Table 9) fabricated
from one HP heat of “ype 3040 88 (P30 Ch, Table 9) perlormed better than stnilar
counterparts fabricated Trom CP Tyvpe 300 8S madetials under conditions ol nonerevieed
willer chemistry B8

However, tnduect contradiction of the above expertences, results from SSRT tests
conducted on several other BWR neation absorber tabes indicate that SCC reststance of
other HE heats of Type 304 85 is worse than that of CP materiisds 560 Regults consistent
with this observation have also been teported lor Type 304 88 spectinens frradiated by
etther neutrons, ™ jons, 04 or protans ©4 Pheretore, the tssue ol supetior performance ol
HE matertals and the mechamisms ol IASCC appear to be far from established
Nevertheless, one important point seeiis to be quite clear;: that s, heat to heat varation in
susceptibility to 1ASCC can be signihicant, even amongg HE materials contadning virtually
identical chenucal compositions  This seems to cast serious doubt not only on the role of
grain-boundary segregation ol impurities (e, S5 P or S) but also on the premise that Cr
depletion 18 the primary mechanisin ol 1ASCC

In (he present study, a comparative analysis of griain boundary microchemistry was
conducted on a unique padr of BWR neatran absorber tubes of virtually identical chemical
composition but exhibtting u signiticant difference in susceptibility to 1IGSCC in SSRT tests,
One of the neutron absorber tubes (QC AT, Tuble 9) was lfabricated from the HP heat
(HP304 CD), which exhibited superior i reactor performance reported by Jacobs et al, 58
the other neutron absorber tube (VA1) was Labricated from a stintlar HP heat (HP304 A)
but exhibited a relatively high susceptibility (o 1GSCC during SSRT tests 59,60 SSRT tests
independent of those in Rels. 59 and 60 were conducted on both matertals, and the results
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showed that 108CC susceptibility of the former material (QC-AT) was lower than that of the
latter (V-AT) for a simtlar Quence level.® Chemical compositions of the two materials were
virtually identical except for N and B contents, ‘Therefore, a comparative analysis of the
two materials was considered to be ideal for investigating the significant difference in
susceptibility (o 1GSCC. The objective of this study was to identify the cause of the strong
heat to heat vartation of the HP matettals, thereby providing an important clue to the
primary process that influences IASCC ol austenttic 88s.

4.1 Susceptibllity to Intergranular Cracking in Water and in Vacuo
(H. M. Chung, W. E. Ruther, and J. E. Sanecki)

Specimen preparation, procedures for SSRT tests, and a description of the hot cell
SSRT apparatus were given in previous reports 59.00 - Cylindrical tensile speciinens were
scctioned from top . middle . and bottom axial positions of neutron-absorber rod tubes
fabricated from several CPoand HP heats of ‘Type 304 88 and irradinted in several BWRs.
Horon carbide absorber was removed with carbide tp deills. Tensile spectmens, labricated
from BWR control blade sheaths, were also tested  SSRI tests were conducted inalr and
in simulated BWR water at 289 C at a strain rate of 165 x 10 79 1 The DO concentration
and conductivity of the stimulated BWR water were =03 ppmoand 012 g8 em 1,
respectively.  Fracture surface analysis of SSRT specimens wis condueted by SEM 1o
deterinine the types of fracture surlace morphology.

The fast neutron Nuence and chemtcal composition of the HP and CP heats of
Type 304 88 are given In Table 9 Chenneal compositions of the three HP heats are similar
except for N and B contents  Boron content could not be determined accuriately at levels of
<0.001 wt %, However, Heat HP304 CD had a0 higher boron content than did Heats
HP3O4 Aor B

Grain boundury microchemistey was atalyzed with a JEOL Model JAMP 10 scanning
Auger microscope (SAM)  Specimens charged with hvdrogen were fractured at room
temperature in the high vacuum -7 10 20 x 107 Pa) of the SAM Lo reveal 1G fracture
surfaces,  Hydrogen was charged into the notched AES specimens for 48 hoat 60°C n o
solution of 100 mg/l NaAsOg dissolved in O IN HgS0, at a current density of 500 mA cm 4,
1IG fracture of the hydrogen charded specimens was observed in bands below the [ree
surfuce of the vacuum fractured speciinen. Average penetration depth ol the more or less
untform 1G fracture bands was mcasured i ecach speciimen A Cr o depth prolile was
obtained as a function of sputter distance beneath w selected reglon of 1G fracture. Detalls
of the procedure are given i Rel 60

The percent 1GSCC measured (i the specimens rom BWR components has been
plotted as o functon of last neantron Hoenee and ylield strength in Figs. 25A and 261,
respectively  Stmiliar results reported by Jacobs et al 57 and Kodama et al B and Asuno
et alf are also shown i the Hgures  AlL data in Fig. 25A were obtaihed from BWR
COmponents at a stratn rate of 2 X 10 7 8 Fin water contalning =03 ppm DO Figure 25A
indicates that 1GSCC susceptbility of the CP control blade sheath is significantly lower
than that of the CP neutron absorber tube or the dry tube ol Kodama et al % jor comparable

L 2
A dacobs, General Blechne Copivate camnealiogen, sl
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Muence level. The susceptibility of the HP absorber tube is greater than that of any of the
CP materials,

Table 9. Chemical composttion and Jluence of HP and CP Type 304 SS BWR componernts

Composition (wt %)

. Fluence
Heat ) —e= Soutee  Setvice 181
I No Cr Nt Mn ¢ N 1) oY P 8 Code  HReactor nem-3

HIN04 A 14 %0 UE 1 I OO 0100 0001 001 0008 0001 V-ATH BWRH 0214
HIZI04 1 L RCVR Tl 4 I 7 V0% 00N0 D00 00B D0OB 0008 V-ATY DWRED 0214
Hivvd CD IRBK o | 0017 00d? 0wl 002 0002 0003 V-ATR DIWRH 03214
HIMWD4 €D N8 U E B GOIT oA 0001 O 0002 DODS QU-ATR BWREC 20

CI4 A 16 W Hir | 68 ool oong 186 ooddb 00Wh HL-ATY HWRY 032320
CPI0A N 1M0200 B 10D 2wbd  oond , tood o4 oom®  1oosd pwiIC 0826
A gh- purity neutron abmorber tubses, 0D = 4 70 nun, waldl thickness « 068 mm, composttion belore trradiation,

"Mepwwmn mnxtmm vidhue i the spectication: actual value not measured.

CCommercial purity absorber tubes, OD = 4 78 mimn, wall thickness s 0.76 mm, composttion after irradiation.
“(‘nmmm*lnlpumy controd blade sheath, thickess 122 mim, actual compusition not measured.

Apparently, no good correlation is observed between percent 16SCC and yield strength
(Fig. 26B). For example, the CP Type 304 88 sheath from the La Crosse BWR exhibits
excellent resistance to 1O cracking despite unusually pronounced trradlation hardening.
The rationale for inphcating yield strength s that 1ASCC may be controlled primarily by
irradtation hardening within grains rather than by a process that promotes stress corrosion
at the grain boundaries. However, the results in Fig. 258 indicate that although trradiation:
induced hardening promotes 1GSCC by rendering plustic deformation within grains more
difficult as Nuence ereases, a certain grain boundary process s essential to induce IGSCC
in frradiated materials
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Figure 25, Percent 1GSCC vs, fluence (A) and vs, yteld strength (B) for HP and CP
Tupe 304 SS and CP 316 88 BWR components from SSRT tests at
A89°C in stmudated BWR water
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4.2 Eftect of Grain-Boundary Microchemistry (H. M. Chung, W. E. Ruther, and
J. K. Sanecki)

421 Effects of S|, P, and 8

In Fig. 26, the percent IGSCC [rom the SSRT tests in water has been plotted as
function of grain-boundary concentration of St and P. Data for grain-boundary segregation
of Si, P, and other impurities have been reported in Rels. 59 and 60. In the [Igure, the
depth of IG-fracture penetration, produced in hydrogen-charged specimens in vacuo at
258°C, has been also plotted. The X(59-eV) peak shown In Fig. 26C is produced by the
secondary Auger electrons of Li and NI, A more detatled analysis of the identification of the
peak is given below. No evidence of segregation of S was observed.B0
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Flgure 26. Percent IGSCC (n water and depth of lG fracture penetration in
hydrogen-charged specimens, fractured at 25°C (n vacuo, as a function
of grain-boundary segregation of St (A), P (B), and X (59-eV) (C).
Fluence level of the spectmens was =2 x 102! nem-2,

No good correlation was observed between the susceptibility to hydrogen-enhanced IG
cracking and grain-boundary concentration of St or P. Percent IGSCC in ‘vater decreases
monotonically for increased grain-boundary concentrations of Si, P, and X(59-eV). It is
difficult, therefore, to explain the significant IGSCC In the HP absorber tube specimens or
the negligible SCC susceptibility of the CP sheath specimens on the basis of grain-boundary
segregation of Si, P, or S. The present results show convincingly that grain-boundary
segregation of Si, P, or S s not the mechanism of IASCC (n Type 304 SS, as has been
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speculated up to now. Furthermore, the results also strongly imply that low 81, P, and 8
content {s not the primary factor associated with the superior resistance of the HP
Type 348 88 reported In Refs. 53-56.

4.2.2 Eftect of Cr Depletion

Minimum Cr content on grain boundaries of the CP and HP absorber tubes and control-
blade sheath was determined from AES depth-prolile data, and the values were correlated
with percent IGSCC in Fig. 27. In the figure, similar results obtained from the FEG-STEM
technique6.68.66 gre also plotted for comparison. The latter resulls were obtained on
SSRT specimens tested (n simulated BWR water containing 8-32 ppm of dissolved oxygen.
For a better comparison, the percent 1GSCC from the present SSRT tests in water with
=0.3 ppm dissolved oxygen was extrapolated to an oxygen content of 8-32 ppm according
to the trend reported by Kodama et al.84 A comparison similar to that in Fig. 27 has been
discussed by Bruemmer et al. 67
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Figure 27, Percent IGSCC from SSRT tests vs. mintmum
grain-boundary Cr content determined from AES
and FEG STEM analyses of BWR components

Results of analyses by the two techuiques appear to be consistent except for the HP
Heat HP304-A, in which the Cr depletion profile Is extremely narrow and deep according
to AES. A more direct comparison has been reported elsewhere. 60 Figure 27 lends itsell
to several Interpretations; one Is that present-generation FEG-STEM referred to in Fig, 27
has limitations in detecting Cr at a concentration of <14 wt.% within =1.5 nm of a grain
boundary In BWR-Irradiated matertals. This may be because of several inevitable limitations
associated with the energy-dispersive spectroscopy (EDS) technique in present-generation
FEG-STEM, l.e., effects of imperfect grain-boundary alignment (1-nm uncertainty {rom 1°
misalignment in a 57-nm thick film), the relatively large beam size (=2.5 nm),88.69 beam
broadening,68.69 the effect of the CryOq surface layer, and fluoresced Cr X-ray.56 Because of
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these limitations, practical resolution of the present-generation FED-STEM-EDS analysis
should be considered close to 3.5-4 nm. The resolution limit can be greatly improved by
utilizing the technique of electron-energy-loss spectroscopy (EELS) instead of EDS.69 AES
data can also be inflnenced by oxygen contamination from the microscope vacuum
environment.

Without a proper understanding of the limitations of the techniques and uncertainties
of the measurements, and in the absence of a more convincing database {e.g., data from
EELS in a next-generation FEG-STEM), the role of grain-boundary Cr depletion cannot be
determiried convincingly at present. Based on either FEG-STEM or AES data, Fig. 27
suggests that for <30% IGSCC, susceptibility is inlluenced significantly by Cr depletion.
However, the seemingly strong increase in percent IGSCC despite the nearly constant
grain-boundary Cr content of =14-15 wt.% (FEG-STEM data) implies that an unidentified
process other than Cr depletion plays an Important role. According to AES data, Cr
depletion plays an impo:tant role even for >50% IGSCC.

4.2.3 Comparative Analysis of Similar High-Purity Heats

To provide a clue to the question of whether one or more unidentified processes play
an important role in IASCC, a case study was conducted using absorber tube specimens that
were fabricated from two virtually identical HP heats (HP304-A, less resistant to IGSCC
during SSRT.59.* and HP304-CD, more resistant to IGSCC/SSRT)* irradiated to a fluence
level of =2.0 x 102! n.cm~2, The rationale was that because Si, P, S, C, Ni, Cr, Mn, and
fluence levels were similar in the two heats, grain-boundary concentrations of these
elements and irradiation-induced hardening should be similar. Therefore, it should be
relatively easy to identify other aspects of grain-boundary chemistry that could be
correlated with resistance to IGSCC. The two malerials also exhibited a surprisingly large
difference in their susceptibilities to IG fracture in vacuo after H-charging (see Fig. 26C).
In contirast to HP304-CD, it was very difficult to produce IG [racture in vacuo in H-charged
specimens of HP304-A, a trend opposite to susceptibility to IGSCC in water. Grain-
boundary Cr depletion in the two specimens, determined by AES depth-profiling, is shown
in Fig. 28. Not surprisingly, Cr depletion in the specimens was similar because of a
virtually identical chemical composition and similar {luence.

Grain-boundar segregation behavior ol Ni and impurities in the two specimens is
summarized in Fig. 29. In the {igure, segregation behavior of Ni, Si, P, C, S, N, X(59-eV),
and B can be determined by comparing intensities of the elements on ductile (denoted
“D") and intergranular (denoted “I") fracture surfaces. The left- and righi-hand columns
of Fig. 29 show results measured on HP304-A and HP304-CD specimens, respectively. In
Fig. 30, duplicate resulls obtained [rom another specimen of HP304-CD are shown.
Whenever grain-boundary segregation is clearly indicated for a given element, a horizontal
line shows the average intensity of the element on grain boundaries, e.g., Ni in HP304-A
(Fig. 29A). In the HP304-A specimen, only Ni segregation was evident. In the HP304-CD
specimen, grain-boundary segregation of not only Ni but N, X(59-eV), and B was evident.
Figures 29H and 30D indicate segregation of C in the two specimens of HP304-CD, but the
evidence seems less convincing,

’ ~ .
A. J. Jacobs, General Electrie Co., private communications, 1993,
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4.2.4 Identification of Li on Grain Boundaries

To identify the X(59-eV) peak, Auger spectra were obtained from several types of CP
Type 304 SS specimens, i.e., irradiated, nonirradiated, and corroded in liquid Li (because
this element, which is produced by thermal-neutron transmutation of 5B!0, may contribute
to the peak). The results are summarized in Fig. 31. The X(59-eV) peak was observed in
Auger spectra obtained from: (a) irradiated Type 304 SS BWR components (Fig. 31D),
(b) nonirradiated Type 304 SS specimens that were corroded in liquid lithium at 600°C for
144 h (Fig. 31B), nonirradiated Type 310 SS containing 20 wt.% Ni (Fig. 31C), and (c)
nonirradiated Type 330 SS containing 35 wt.% Ni. The characteristic shape of the peak
observed in nonirradiated Type 310 SS was somewhat different from those observed in the
Li-corroded, nonirradiated, and irradiated Type 304 SS specimens. The peak was absent
in nonirradiated specimens of Types 304, 347, AISI 3340, and martensitic SS, as shown
more quantitatively in Fig. 32.

These results show that at least some fraction of the intensity of the X(59-eV) peak
observed in specimens of HP304-CD (Figs. 290 and 30G) is due to Li. Results in Figs. 29A,
29E, and 30A show that Ni-segregation ratios in the HP304-A and HP304-CD specimens
are virtually identical. Because the bulk concentration of Ni is virtually the same (i.e,,
9.45 wt.%; see Table 9), the grain-boundary concentration of Ni in the two specimens
should be similar. Accordingly, it is difficult to attribute the large difference in the
intensity of X(59-eV) between HP304-A (Fig. 29K) and HP304-CD (Fig. 290) to grain-
boundary concentrations of Ni. The segregation behavior of X(59-eV) (Figs. 290 and 30Q)
and B (Figs. 29P and 30H) in HP304-CD was also similar. Therefore, we conclude that the
X(59-eV) peak observed on the grain boundaries of HP304-CD is in fact the secondary peak
(=58 eV) of Li, whereas the primary peak of Li (=43 eV) was superimposed on the 47-eV
peak of Fe.
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As was mentioned previously, L1 Is produced from transmutation by thermal neutrons
of 10B dissolved In the BWR specimens, Le., '98(n, He)7Li. The cross section for this
reaction is large, i.e., ~3840 barn. Natural B dissolved in the absorber tubes 1s composed of
19.8% 10B and 80.2% !1B. However, It Is not clear if one can rule out the possibility that
some of the LI atoms detected in the absorber rod tubes came from the B4C absorber that is
enriched in 108,

Boron in austenitic steels Is known to segregate strongly to grain boundaries by
thermal processes. Therefore, grain-boundary concentrations of B, and hence L{, could be
influenced during fabrication of the absorber tubes, even if the tubes were extruded from
the same starting material. During slow cooling of thick secttons (e.f., a BWR top guide),
thermal segregation of B is likely to be more pronounced. When segregated 9B transmutes
to Lt and hellum, L1 will be scattered away from the vicinity of grain boundaries because of
recoil energy from the transmutation. In this situation, LI in the HP304-CD specimens
segregates in significant quantity to grain boundaries via a RIS process because the grain-
boundary reglons are relatively rich in LI. Lithium segregation in HP304-A was negligible
apparently because the bulk concentration of B was lower (Table 9) and B did not segregate
to grain boundaries (Fig. 29L).

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

Based on the grain-boundary depletion and segregation behavior shown in Figs. 28-30
and the bulk chemical compositions given in Table 9, grain-boundary concentrations of
alloying and impurity elements in the HP304-A and HP304-CD specimens have been
calculated and plotted In Fig. 33. The graln-boundary concentrations were normalized in
the plot to facilitate an easy comparison for the two materfals, with actual numbers given
for each of the elements. Flgure 33 shows that grain-boundary concentrations of the two
materials are virtually the same except for N, LI, and B, Grain-boundary concentrations of
Cr, Ni, 8Si, P, C, and S are similar. Therefore, we conclude that higher concentration of N
and lower concentrations of Lt and B on graln boundaries are associated with the higher
susceptibility of the HP304-A material to IGSCC during SSRT tests.

The exact mechanism by which higher N on grain boundaries promotes IGSCC is not
clear. However, segregation of N will resull in a higher concentration of hydrogen in a
grain-boundary crack-tip region because of the transmutation of N to hydrogen (proton) by
thermal neutrons, f.e., 14N(n, p)!'4C. The cross section for this reaction is =~1.83 barn. The
mechanism whereby a higher Li concentration on grain boundaries is conducive to lower
susceptibility to IGSCC is also not clear. Lithium, however, can trap hydrogen on grain
boundaries.

The present study indicates that a synecrgism between grain-boundary segregation of
impurities (N and B) and transmutation by thermal neutrons (*GST" synergism) plays an
important role in IASCC. It also suggests that the relative importance of grain-boundary Cr
depletion may be not as great as previously believed.
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5 Environmentally Assisted 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.79 73 Much less
information is available on SCC of these materials. 74-78  Because It is clear that very high
CGRs can oceur in some materials under some combinations of loading and environment,
the objective of the current work is to better deline the circumstances that can produce
SCC In these steels,

5.1 Technical Progress (J. Y. Park)

Fracture-mechanics CGR tests have continued on Ul compact-tension spectmens
from low- and medium sulfur content heats (0.004 and 0.018 wt.%) of AB33-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 Ni-Cr plated to better simulate a clad ferritie steel vessel,
where only the low alloy steel at the erack surface is exposed to the environment, Surface
films on the Ni-Cr and on Ni- and Au plated specimens lested previously are different
from those on the nonplated ferritic specimens,  Because virtually all existing data have
been obtained on specimens without cladding, it is important to verily that those results
were not unduly affected by the character of the surlace film,

CGR tests were conducted on a set of three carbon steel specimens [Nos. CTW7-03,
02C-14, and CTJ7-01] at a higher load ratio, L.e., R = 0.9, The composition of the steels
was given in the previous report.79 Specimens CTW7-03 and 02C 14 were prepared {rom
plates of a low- and high-sulfur A533 Gr B pressure vessel steels, 1e., Heats No. AB401,
(0.004% S and 0.006% P) and A-1195-1 (0.018% S and 0.012% P), respectively, and
specimen CTJ7-01 was [rom a A106-Gr B piping steel, f.e . Heat No. J7201 (0.014% S and
0.014% P). Specimen 02C- 14 was plated with Ni-Cr to stmulate austenitic 88 cladding on
a reactor pressure vessel and hence, to determine the validity of using data obtained from
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spechinens without eladding to analvze the behavior ol a clad lereitie vessel where only the
cruck surface 18 exposed to the envitonment o previons CGR tests, plated speclimens
showed greater susceptibility to SCC than did a conventional specimen under some loading
conditions B0

Tests were performed i delonized water at 289°C under a cyclic load (sawtooth wave
form with 12 and 1500 s loading and 1 s unloading tme) at R = 0.9 and frequencles of
67 x 104 and 77 x 162 Mz inttal Ky values were 42, 104, and 33 MPam /2 Jor
specimens CTJ7 01, G20 140 and CTW7 03, respectively A DO concentration of
200 300 ppb i the etluent witer from the autocliave was matntained by feedwater with
2 3 ppm DO, Crack length measurements were made by the DC potential drop method.
The results of these and previons tests (Tests Noo 1o 3879 are summarized in Table 10,
Crack growth occurred over a range of values from 4.4 x 10 /0 045 x 108 mes ! for
Specimen 02C 14, whereas no apprectable crack growth was observed for nonplated
Specimens CIW7 03 and CTJ7 01, The CGRs lor Speelmen 02C 14 plotted as a function
of maximum stress intensity i Figs 34 and 35 are compared with rates predicted by the
proposed ASME Cade Sectton X1 correlatton 80 The dependence of the CGRs on frequency
for the plated spectimen (020 14 ) 18 shown in Fygo 36 Al CGRs are bounded by the ASME
code prediction.  In previous tests? ander ditterent loading conditions (R = 0.2 0.7 and
rise times (nthe range ol 25 1500 s), sote CGRs were faster than values predicted by the
ASME correliation

6 Summary of Results

6.1 Fatigue of Ferritic Piping and Pressure Vessel Steels

o The fatigue behavior of A1OG Gr B carhon steel and Ab3S G 13 low alloy steel hias bheen
investigated fn oxvgenated water and inoair The results confirme the significant
reduction in tatigue e and strong dependence on straim rate For hoth carbon and
low alloy steels, fatgine e in oxygenated water deereases with decreases inostridn
rate or increases in DO CThe elfects of stratn vate on fatigue e saturate ot some low
vitlue of stradic rate, e g at 0 0000 %o/ lor ATOG G steel e water with O ppim DO
However, the results show that there gs hittle difference in sasceptibility (o
envirommental dedradation ol Tatigoe Ble between ATOG G B carhon steel and ARNS
Gr Bolow alloy steel with comparabile sullur fevels,

6.2 Environmentally Assisted Cracking of Cast SS

. Additional crack growth tests have been conducted on i tore echanles speeliens
of CF 8, ad CF 8M griddes of cast SS i the as receved and thenmadly aged conditions
to characterize envitanmental, Joading, and matenal canditions that can prodoce SCC
susceptbility i these stevls CGRs an HE water containbgt 02 and 5 8 ppim DO were
compared with predictions o wiought % o i Section X ol the ASME Code and
modified correlations lor wranght Sss inowater The results indicate that the alr curve
is frequently nonconservative, but the dati e bonnded by the modified correlations
lor wrought SSs b witter al 289°C Thenmal aghg increases the yield and altimate
strengths aof the steels, and the CGRs i water tend to tnerease with the square of the
yield stress,
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Fgure 34. Crack growth rates vs. maximum stress (ntensity for Cr-Nt plated A533-
Gr B (0.018% S, 02C- 14) steel in HP oxygenated water at 289°C al rise

times qf 12400 s al R = 0.9
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6.3 Irradiation-Assisted Stress Corrosion Cracking of Type 304 SS

e SSRT tests and graln-boundary analysis by AES were conducted on high- and
commercial-purity (HP and CP) Type 304 SS specimens [rom irradiated BWR
components. Contrary to previous bellels, susceptibility to 1IGSCC could not be
correlated with radiation-induced segregation (RIS) of impurities such as Si, P, C, or S,
but a correlation was obtained with grain-boundary Cr concentration, indicating a role
of Cr depletion. However, grain-boundary concentrations of Cr determined from
presently available FEG-STEM-EDS and AES techniques are not accurate enough to

clarfy the importance of the role of Cr depletion.

* Grain-boundary analysis was conducted on BWR neutron absorber tubes that were
fabricated from two HP heats of Type 304 SS that had virtually Identical chemical
compositions and that were Irradiated to similar fluence level but exhibited a
significant difference In susceptibility to 1IGSCC during SSRT tests. Grain-boundary
concentrations of Cr, Ni, St, P, 8, and C of the resistant and susceptible heats were
virtually identical. However, grain boundaries of the resistant material contained a
lower concentration of N and higher concentrations of B and Li than those of the

susceptible material.
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6.4

Boron is known to undergo thermal segregation to grain boundaries in austenitic SSs.
Therefore, grain-boundary concentrations of B, and hence Li, could be influenced
strongly by thermomechanical processes even if core-internal components are
fabricated from the same starling material. In slow cooling of thicker sections (e.g.,
BWR top guide), thermal segregation of B, and hence Li, is likely to be more
pronounced. This will be conducive to the suppression of IASCC under conditions of
similar thermal sensitization (i.e., Cr depletion).

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

Environmentally Assisted Cracking of Ferritic Steels

Additional fracture-mechanics CGR tests have been performed on mnonplated
specimens of A106-Gr B and A533-Gr B steel and on a specimen of A533-Gr B plated
with Ni-Cr. The effect of frequency on CGR was determined at a load ratio of 0.9 in HP
oxygenated (=200 ppb) water at 289°C. The CGRs for the Ni-Cr-plated A533-Gr B
specimen were compared with predicted values from new correlations proposed for
inclusion in Section XI of the ASME Boiler and Pressure Vessel Code. The observed
CGRs were adequately bounded by the proposed ASME Section XI correlations.
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