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Environmentally Assisted Cracking in Light Water Reactors
by

H. M. Chung, O. K. Chopra, R. A. Erck, T. F. Kassner, W. F. Michaud,
W. E. Ruther, J. E. Sanecki, W. J. Shack, and W. K. Soppet

Abstract

This report summarizes work performed by Argonne National Laboratory (ANL) on
fatigue and environmentally assisted cracking (EAC) in light water reactors (LWRs) during
the six months from October 1993 to March 1994. EAC and fatigue of piping, pressure
vessels, and core components in LWRs are important concerns in operating plants and as
extended reactor lifetimes are envisaged. Topics that have been investigated include (a)
fatigue of low-alloy steel used in piping, steam generators, and reactor pressure vessels,
(b} EAC of wrought and cast austenitic stainless steels (SSs), and (c) radiation—induced
segregation and irradiation-assisted stress corrosion cracking (IASCC) of Type 304 SS
after accumulation of relatively high fluence. Fatigue tests have been conducted on
A302-Gr B low-alloy steel to verify whether the current predictions of modest decreases
of fatigue life in simulated pressurized water reactor water are valid for high-sulfur heats
that show environmentally enhanced fatigue crack growth rates. Additional crack growth
data were obtained on fracture-mechanics specimens of austenitic SSs to investigate
threshold stress intensity factors for EAC in high-purity oxygenated water at 289°C. The
data were compared with predictions based on crack growth correlations for wrought
austenitic SS in oxygenated water developed at ANL and rates in air from Section Xl 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 boiling water reactors were studied by Auger electron
spectroscopy and scanning electron microscopy to determine whether trace impurity
elements, which are not specified in the ASTM specifications, may contribute to IASCC of
solution-annealed materials.
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Executive Summary

Fatigue of Ferrilic Piping and Pressure Vessel Steels

Plain carbon steels are used extensively in steam supply systems of pressurized and
boiling water nuclear reactors (PWRs and BWRs) as piping and pressure vessel materials.
The steels of interest for these applications include A106-Gr B and A333-Gr 6 for
seamless pipes and A302-Gr B, A508-2, and A533-Gr B plate for pressure vessels.
During the present reporting period, fatigue tests have been conducted on A302-Gr B
low—-alloy steel to verify whether the current predictions of modest decreases of fatigue
life in simulated PWR water are valid for high-sulfur heats that show environmentally
enhanced fatigue crack growth rates (CGRs) in precracked specimens. This A302-Gr B
low-alloy steel contains a high concentration of sulfur (0.027 wt.%) and exhibits increased
CGRs in simulated PWR water with <10 ppb dissolved oxygen (DO). Fatigue tests were
conducted in air and simulated PWR water, i.e., water containing <0.01 ppm DO, 2 ppm
lithium, and 1000 ppm boron, at 288°C and a strain range of =0.75% with triangular and
sawtooth wave forms. In air and water environments, the results for A302-Gr B steel are
in good agreement with the data for AB33-Gr B steel. The results indicate only a
marginal effect of PWR water on fatigue life, i.e., life of A302-Gr B steel is lower by =23%
in PWR water than in air at strain rates in tension of 0.4 and 0.004 %/s. Even a 1/8-
cycle slow/fast test, with a slow strain rate of 0.0004%/s, shows only a moderate
decrease in fatigue life. These results are consistent with data obtained earlier for A106-
Gr B carbon steel and A533-Gr B low-alloy steel. The data suggest that even high-sulfur
steels suffer only modest decreases of fatigue life in simulated PWR water.

Tests were also conducted on A106-Gr B steel in high-DO water at 288°C and a
strain range of =0.75% with 5~ or 30-min hold periods at peak tensile strain. The results
indicate that a tensile hold period decreases fatigue life in high-DO water but not in air.
A 5—min hold period is sufficient to reduce fatigue life.

Environmentally Assisted Cracking of Cast Stainless Steels

During this reporting period, fracture-mechanics CGR tests were conducted on 1T-
compact tension specimens of Type 316NG and 304 stainless steel (3S) and as-received
and thermally aged CF-3 cast SS to investigate threshold stress intensity factors K{hEAC
for environmentally assisted cracking (EAC) in high-purity (HP) oxygenated water (0.4-9.0
ppm DO) at 289°C. Kpax was increased in increments of =5 MPa-m!/2 from the initial
values of 5 and 10 MPa-m1/2 at load ratios {R) of 0.2 and 0.6, respectively. The CGRs
were compared with predicted results for wrought SSs in air in Section Xl of the ASME
Code and in oxygenated water from an Argonne National Laboratory (ANL} model reported
in NUREG/CR-6176, ANL-94,/1. The present and previous results were used to
determine the dependence of KihEAC and AK(LEAC, where AK(KLEAC = KLhEAC(1 - R), on
load ratio for specimens of Types 347, 316NG, and sensitized 304 SS, and thermally aged
CF-3 and CF-8 grades of cast SS. Regimes where CGRs in water follow either the “air-
line” at Kmax and AK values below the threshold for EAC or model predictions in water at
higher stress intensity factors were delineated. At Kpax values <20 MPa-ml1/2, where
EAC in not significant, CGRs lie below predictions of the ANL model in water by factors of
=10 and 100 at load ratios of 0.6 and 0.95, respectively. Based on the present results, it
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may be more appropriate to utilize the “air line” when assessing crack growth of these
steels in water for Ky ax values below =20 MPa-ml1/2,

Metallographic evaluation of the specimens after the experiments indicated that the
mode of cracking in the wrought and cast specimens was transgranular at load ratios
<0.6, and that the crack path in the cast SS specimens traversed the austenite grains in
these tests, in contrast with previous tests at a load ratio of 0.95, in which the crack path
preferred the ferrite/austenite phase boundaries in the cast materials.

Irradiation-Assisted Stress Corrosion Cracking of Type 304 SS

Although significant grain-boundary chromium depletion can play an important role
in irradiation-assisted stress corrosion cracking (IASCC) of thermally sensitized and
irradiated components, we suspect that another primary process that involves trace
impurity elements, which are not specified in the ASTM specifications, may contribute to
IASCC of solution-annealed materials. Slow strain rate tensile test results on high- and
commercial-purity Type 304 SS specimens irradiated to =2 x 1021 n.cm=2 (E >1 MeV) in
several BWRs indicate that susceptibility to intergranular stress corrosion cracking
(IGSCC} of the materials could be best explained on the basis of a combined role of
fluorine and grain-boundary depletion of chromium. In this reporting period, more
detailed analyses of fluorine have been conducted on ductile and intergranular fracture
surfaces and on precipitates that were revealed by in-situ fracture of Type 304 and 348
SS specimens in the ultrahigh-vacuum environment of a scanning Auger microscope.
Irradiated specimens from Type 304 SS heats that were more susceptible to IGSCC
contained a higher level of fluorine than less susceptible heats. Fluorine content was
higher in sulfide precipitates than in either carbide precipitates or the grain matrices,
indicating that fluorine is trapped by the former type of precipitates. Trace levels of
fluorine in SSs emerge when fluorspar, a neutral flux composed of =75% CaFg, is used in
the production of iron and steel. Fluorine contamination can also occur from weld slag
and welding fumes during fabrication of large components when electrodes in
submerged-arc and shielded-metal-arc welding are coated a with fluorine-containing
flux. In addition, tubular products, such as neutron-absorber-rod tubes, are cleaned
with pickling solutions that contain hydrofluoric acid.
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1 Introduction

Fatigue and environmentally assisted cracking (EAC) of piping, pressure vessels, and
core components in light water reactors (LWRs) are important concerns in operating
plants and for extended reactor lifetimes. 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 initiate in sensitized SS cladding)
in low-alloy ferritic steels in BWR pressure vessels.”™ Similar cracking has also occurred
in upper-shell-to-transition-cone girth welds in PWR steam generator vessels,t and
cracks have been found in steam generator feedwater distribution piping.** Occurrences
of mechanical-vibration-and thermal-fluctuation-induced fatigue failures in LWR plants
in Japan have also been documented.!

Another concern is failure of reactor-core internal components after accumulation of
relatively high fluence.**+ The general pattern of the observed failures indicates that, as
nuclear plants age and neutron fluence increases, many apparently nonsensitized
austenitic materials become susceptible to intergranular failure by a degradation process
commonly known as irradiation-assisted stress corrosion cracking (IASCC). Some of these
failures have been reported for components subjected to relatively low or negligible stress
levels, e.g., control-blade sheaths and handles and instrument dry tubes of BWRs.
Although most failed components 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. Research during the past six months has focused on fatigue of
ferritic steels used in piping, steam generators, and pressure vessels; EAC of wrought and
cast austenitic SSs and Alloy 600; and IASCC in high- and commercial-purity (HP and CP)
Type 304 SS specimens from control-blade absorber tubes and a control-blade sheath
used in operating BWRs.

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 of interest in these
applications include A106-Gr B and A333-Gr 6 for seamless pipe and A302-Gr B, A508-
2, and A533-Gr B plate for pressure vessels. The ASME Boiler and Pressure Vessel Code
Section 111,2 Subsection NB, which contains rules for the construction of Class 1
components for nuclear power plant, recognizes fatigue as a possible mode of failure in
pressure vessel steels and piping materials. Figure [-90 of Appendix I to Section I of the

* USNRC Information Notice No. 88-08, “Thermal Stresses in Piping Connected to Reactor Coolant Systems,”
June 22, 1988; Supplement 1, June 24, 1988; Supplement 2, August 4, 1988; Supplement3 April 11, 1989.
USNRC Information Notice No. 88-11, “Pressurizer Surge Line Thermal Stratification,” December 20, 1988.
**USNRC Information Notice No. 90-29, “Cracking of Cladding in Its Heat-Affected Zone in the Base Metal of
a Reactor Vessel Head,” April 30, 1890.
* USNRC Information Notice No. 90-04, “Cracking of the Upper Shell-to-Transition Cone Girth Welds in
Steam Generators,” January, 26, 1990.
++ USNRC Information Notice No. 91-19, “Steam Generator Feedwater Distribution Piping Damage,”
March 12, 1991.
+++ USNRC Information Notice No. 93-79, “Core Shroud Cracking at Beltline Region Welds in Boiling-Water
Reactors,” September 1993.




ASME Code specifies the fatigue design curves for the applicable structural materials.
However, Section III, Subsection NB-3121 of the Code states that environmental effects on
fatigue resistance of the material are not explicitly addressed in these design fatigue
curves. Therefore, effects of environment on fatigue resistance of materials in all
operating PWR and BWR plants whose primary coolant pressure boundary components
are constructed to the specification of Section III of the Code are somewhat uncertain.

The current Code design curves are based primarily on strain-controlled fatigue tests
of small polished specimens in air at room temperature.3 To obtain the Code fatigue
design curves, best-fit curves to the experimental data were decreased by a factor of 2 on
stress or a factor of 20 on cycles, whichever was more conservative at each point. The
factors were intended to account for uncertainties in translating 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 for size
effects, and 4.0 for surface finish, atmosphere, etc.4 “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.S.5-15 and Japanl6-18 illustrate
potentially significant effects of LWR environments on the fatigue resistance of carbon and
low-alloy steels. In some cases, failures were observed below the ASME Code fatigue
design curve. These results raise the issue of whether the fatigue design curves in Sectinn
IIl are appropriate for the purposes intended and whether they adequately account for
effects of environment 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 relevant data on fatigue of ferritic steel in LWR environments
are the data obtained by General Electric Co. (GE) in a test loop at the Dresden 1
reactor,5.6 tests performed by GE/Electric Power Research Institute (EPRI),7-8 the work of
Terrell at Materials Engineering Associates (MEA),9-11 the present work at Argonne
National Laboratory (ANL),12-15 and the JNUFAD® data base for “Fatigue Strength of
Nuclear Plant Components” from Japan, including the published work for A508-Cl 3 low-
alloy steel and A333-Gr 6 carbon steel by Higuchi and lidal!® and lida et al.17 and for
forged A508-Cl 3 and rolled A533-Gr B low-alloy steels by Nagata et al.18 The results
show that, although the structure and cyclic-hardening behavior of carbon and low-alloy
steels are distinctly different, there is little or no difference in susceptibility to
environmental degradation of fatigue life of these steels when sulfur levels are
comparable.14.15 The A106-Gr B carbon steel exhibits pronounced dynamic strain aging,
whereas strain aging effects are modest in A533-Gr B low-alloy steel.

The data indicate that water can have a significant effect on fatigue life only when all
of the following four conditions are satisfied: sulfur content of the steel is >0.003 wt.%,
temperature of the water is >150°C, concentration of dissolved oxygen (DO) in the water
is >0.05 ppm, and applied strain rate is £1%/s. Although these are minimum conditions

* 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.”




that must be met to produce significant degradation in fatigue life, the actual dependence
of fatigue life on these variables involves complex synergistic interactions. When any one
of the four threshold conditions is not satisfied, e.g., at very low DO levels, which are
characteristic of PWRs and BWRs with hydrogen-water chemistry, or at temperatures
<150°C, environmental effects on fatigue life are modest.

For both carbon and low-alloy steel, the results indicate only a marginal effect of
simulated PWR water on fatigue life, e.g., fatigue life is lower in PWR water than in air by
less than a factor of 2. Furthermore, fatigue life is independent of strain rate; a three
orders of magnitude decrease in strain rate does not cause an additional decrease in
life.15

Effects of environment on fatigue life are significant at high DO levels, e.g., 20.5 ppm
DO. The fatigue life of carbon and low-alloy steels decreases rapidly with decreasing
strain rate. For both steels, the effect of strain rate saturates at =0.001%/s. Compared
with tests in air, fatigue life of A106-Gr B steel in high DO water is lower by factors of 2,
4, 10, and 18 at strain rates of 0.4, 0.04, 0.004, and 0.0004%/s, respectively. A further
decrease in strain rate by an order of magnitude does not cause an additional decrease in
life. Furthermore, a minimum amount of strain is required for environmentally assisted
degradation of fatigue life. For the heats of carbon and low-alloy steels that we
investigated, this threshold strain range appears to be at =0.36%. The resulits also
indicate that a slow strain rate applied during the tensile-loading cycle is more effective
in environmentally assisted reduction of fatigue life than a slow strain rate applied during
the compressive-loading cycle. Also, a slow strain rate applied during a compressive- as
well as a tensile-loading cycle does not cause further decrease in fatigue life.

A detailed metallographic examination of the test specimens and several exploratory
tests indicate that the reduction in fatigue life in high-DO water is primarily due to
environmental effects on fatigue crack propagation. Environment appears to have little or
no effect on crack nucleation. Although all specimens tested in water show surface
micropitting, there is no indication that these micropits enhance crack nucleation.
Irrespective of environment, cracks in carbon and low-alloy steels nucleate either along
slip bands, carbide particles, or at ferrite/pearlite phase boundaries.

Based on existing fatigue S-N data, researchers at ANL have developed interim fatigue
design curves that take into account temperature, DO concentration in water, sulfur level
in steel, and strain rate.l9 A statistical model has also been developed for estimating the
effects of various material and loading conditions on fatigue life of carbon and low-alloy
steels.20 Results of the statistical analysis have been used to estimate the probability of
initiating fatigue cracks.

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

The objectives of our task are to conduct fatigue tests on carbon and low-alloy steels
under conditions where information is lacking in the existing S-N data base, establish the
effects of material and loading variables on environmentally assisted reduction of fatigue
life, and validate and update the proposed interim fatigue design curves. Fatigue tests
are being conducted on A106-Gr B carbon and A533-Gr B low-alloy steel in water and in
air at 288°C. During the present reporting period, fatigue tests have been conducted on
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A302-Gr B low-alloy steel to verify whether the current predictions of modest decreases
of fatigue life in simulated PWR water are valid for high-sulfur heats that show
environmentally enhanced fatigue crack growth rates (CGRs) in precracked specimens.
The effect of hold periods at peak tensile strain on the fatigue life of A106-Gr B carbon
steel was also investigated.

2.1.1 Experimental

Low-cycle fatigue tests are being conducted on A106-Gr B carbon steel and A533-
Gr B and A302-Gr B low-alloy steels with MTS closed-loop electrohydraulics machines.
The A106-Gr B material was obtained from a 508-mm-diameter, schedule 140 pipe
fabricated by the Cameron Iron Works, Houston, TX. The A533-Gr B material was
obtained from the lower head of the Midland reactor vessel, which was scrapped before
the plant was completed. The A302-Gr B low-alloy steel had been used in a previous
study of the effect of temperature and cyclic frequency on fatigue crack growth behavior
in a high-temperature aqueous environment at the Bettis Atomic Power Laboratory.21
The material showed increased CGRs in simulated PWR water at 243°C. The chemical
compositions and heat treatments of the materials are given in Table 1. The main
difference between the steels is the sulfur content; i.e., 0.025% S for A302-Gr B and
=0.015% S for A533-Gr B steel. Microstructures of the A302-Gr B steel along three
orientations, i.e., rolling, transverse, and radial,” are shown in Fig. 1. The structure
primarily consists of tempered ferrite plus bainite. However, the morphology of sulfides
in the three orientations differs significantly.

Table 1. Chemical composition of ferritic steels for fatigue tests

Source/ Chemical Composition
Material Reference? C P S Si Fe Cr Ni Mn

Carbon Steel
ANL 0.013 0.015 0.25 0.19 0.09
Supplier 0.016 0.015 0.24

Al06-Gr Terrell 0.008 0.020 0.28 0.015 0.002
A333-Gr Higuchi 0.020 0.015 0.31 - -

Low-Alloy Steel

ANL 0.010 0.012 0.19 Bal 1.30 0.48
Supplier 0.014 0.016 0.17 Bal 1.28 0.47

JNUFAD 0.19 0.020 0.010 0.27 Bal . . 1.45 0.52

Bettis 0.19 0.026 0.024 0.22 Bal . 1.29 0.55
0.1

Supplier 0.015 0.027 0.21 Bal 1.17 0.48

2508-mm schedule 140 pipe fabricated by Cameron Iron Works, Heat J-7201. Actual
heat treatment not known.

b162-mm thick hot-pressed plate from Midland reactor lower head. Austenitized at 871~
899°C for 5.5 h, brine quenched and tempered at 649-663°C for 5.5 h, and brine
quenched. The plate was machined to a final thickness of 127 mm. The surface was
inlayed with 4.8-mm weld cladding and stress relieved at 607°C for 23.8 h.

€102-mm thick plate. Austenitized at 839-927°C for 4 h, water quenched to 538°C, and air
cooled: tempered at 649-677°C; then stress relieved at 621-649°C for 6 h (up to 6 cycles).

* The three orientations are represented by the direction that is perpendicular to the plane of the

photomicrograph.




Figure 1. Microstructures along fracture planes of A302-Gr B steel specimens uwith
orientations in (a) rolling, (b) transverse, and {c) radial directions. Plane of
photomicrographs is represented by direction perpendicular to the plane.

Smooth cylindrical specimens with 9.5-mm diameter and 19-mm gage length were
used for the fatigue tests. The test specimens of A302-Gr B steel were machined from a
composite bar fabricated by electron-beam welding from two 19.8-mm diameter, 137—
mm long bars of A533-Gr B steel on each side of an 18.8-mm diameter, 56-mm long
section of A302-Gr B steel, Fig. 2. Thus, the gage length and shoulders of the specimen
were A302-Gr B and the grip region was A533-Gr B steel. The A302-Gr B gage section of
the specimens was oriented along the rolling direction. After welding, the composite bar
was stress relieved at 650°C for 6 h.

All tests were conducted at 288°C, with fully reversed axial loading (i.e., load ratio
R =-1) and a triangular or sawtooth wave form. Unless otherwise mentioned, the strain

ELECTRON
BEAM WELD

SPECIMEN IDENTIFICATION
NUMBER (STAMPED)

ALL DIMENSIONS ARE IN mm

Figure 2. Schematic representation of electron—
beam-welded bar used to fabricate A302-
Gr B fatigue specimens
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rate for the triangular wave and the fast-loading half of the sawtooth wave was 0.4%/s.
Tests in water were performed under stroke control, where the specimen strain was
controlled between two locations outside the autoclave. 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 to determine the stroke required to maintain constant strain in the specimen gage
length for tests in water; stroke was increased gradually during the test to maintain
constant strain in the specimen. Detailed descriptions of the test facility and procedure
have been presented earlier.14

2.1.2 A302-Gr B Steel

Fatigue tests were conducted in air and simulated PWR water, i.e., water containing
<0.01 ppm DO, 2 ppm lithium, and 1000 ppm boron, at 288°C and a strain range of
=0.75% with triangular and sawtooth wave forms. The fatigue results on A302-Gr B steel
are summarized in Table 2. The various loading wave forms and corresponding fatigue
data are presented in Fig. 3. The fatigue lives for A302-Gr B steel are compared with the
fatigue S-N data for A533-Gr B steel in air and simulated PWR environments in Figs. 4
and 5, respectively.

Table 2. Fatigue test results for A302-Gr B low-alloy steel

Dissolved Conducti- Tensile Comp. Stress Strain
Test Environ- Oxygen, pH vity, Rate, Rate, Range, Range,
Number ment2 ppb at RT uS/cm %/s %/s MPa %

1697 Air - ~ - 0.4 0.4 944.5 0.756
1701 Air - - - 0.004 0.4 1021.4 0.757

1712 Air - - - 0.0004b 0.4 1041.9 0.759

1702 PWR 3.0 6.5 20.00 0.4 0.4 921.2 0.735
1704 PWR 3.0 6.5 19.23 0.004 0.4 1022.6 0.745
1716 PWR 4.5 6.5 19.23 0.0004b 0.4 1042.3 0.739
a Simulated PWR water contains 2 ppm lithium and 1000 ppm boron.
b Slow strain rate applied only during 1/8 cycle near peak tensile strain.

In both environments, the resulits for A302-Gr B steel are in good agreement with the
data for AB33-Gr B steel. The results indicate only a marginal effect of PWR water on
fatigue life. The fatigue life of A302-Gr B steel is lower by =23% in PWR water than in air
at both strain rates. Even the 1/8-cycle slow/fast test, with a slow strain rate of
0.0004%/s, shows only a moderate decrease in fatigue life. These results are consistent
with data obtained earlier for A106-Gr B carbon steel and A533-Gr B low-alloy steel.
The data suggest that even high-sulfur steels suffer only modest decreases of fatigue life
in simulated PWR water. Additional fatigue specimens are being machined with the gage
section orientation transverse to the rolling direction to establish possible effects of
material orientation.

Although the steel is subject to only moderate environmental degradation of fatigue
life, the results also indicate a significant effect of strain rate both in air and PWR water.
Fatigue life decreases by =40% as strain rate decreases from 0.4 to 0.004%/s. This result
is somewhat surprising because strain rate effects are not observed for other carbon or
low-alloy steels in either air or simulated PWR water.
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Strain rate: 0.4%/s in tension Strain rate: 0.004%/s in tension Strain rate: 0.0004%/s during

and compression and 0.4%/s in comp. 1/8 cycle and 0.4%/s

for remaining period
Air: 8070 cycles Air: 4936 cycles Air: 5350 cycles
PWR: 6212 cycles PWR: 3860 cycles PWR: 3718 cycles

Figure 3. Fatigue life of A302-Gr B low-alloy steel at 288°C in air and simulated
PWR water tested with triangular or sawtooth loading wave forms at a
strain range of =0.75%
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Figures 6 and 7 show the cyclic stress range vs. fatigue cycles for A302-Gr B and
AB33-Gr B low-alloy steels, respectively, in air at 288°C and a total strain range of
=0.75%. Cyclic-hardening behavior of the steels is consistent with their microstructures.
Both steels have a relatively high yield stress and moderate cyclic hardening occurs
during the initial 100 cycles; A302-Gr B hardens more than A533-Gr B steel. The A302-
Gr B steel exhibits some dynamic strain aging; the material strain hardens significantly at
slow strain rates.
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Surface oxide films that develop on A302-Gr B steel specimens in air and simulated
PWR water are essentially the same as those observed earlier for A106-Gr B carbon steel
and A533-Gr B low-alloy steel.l4 Photomicrographs of the gage surface of A302-Gr B
specimens tested in air and PWR water are shown in Fig. 8. The specimens tested in
water developed a gray/black corrosion scale; X-ray diffraction analysis of the specimen
surface indicated that the surface scale is primarily magnetite (FesO4). All specimens
tested in water showed surface micropitting.




Fast / Fast
Cyclic Pattern

Slow / Fast
Cyclic Pattern

Figure 8. SEM photomicrographs of gage surface of A302-Gr B specimens tested in air
and simulated PWR water at 288°C with triangular (top) and sawtooth (bottom)
waveforms

2.1.3 Tensile Hold Periods

Tests were also conducted with a 5- or 30-min hold period at peak tensile strain.
The loading wave forms, hysteresis loops, and fatigue lives for the tests are given in Fig. 9.
The results indicate that a tensile hold period decreases fatigue life in high-DO water but
not in air. A 5-min hold period is sufficient to reduce fatigue life; a longer hold period
results in only a slightly larger decrease in life. Two 5-min hold-time tests at 288°C and
a strain range of =0.8% in water with 0.7 ppm DO gave fatigue lives of 1007 and 1092
cycles. Fatigue life was 840 cycles in a 30-min hold time test.

The fatigue tests in water were conducted in a stroke-controlled mode, which is
somewhat different from a conventional hold-time test in strain-controlled mode. In a
strain—controlled test, the total strain in the sample is held constant during the hold
period. However, a portion of the elastic strain is converted to plastic strain because of
stress relaxation. In stroke-controlled tests, there is an additional plastic strain in the
sample due to relaxation of elastic strain from the load train (Fig. 9). Consequently, these
are not true constant-strain-hold periods but include significant strain during the hold
period; the measured plastic strains during the hold period were =0.028% from
relaxation of the gage and 0.05-0.06% from relaxation of load train. These conditions
result in strain rates of 0.005-0.02%/s during the hold period.
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Figure 9. Fatigue life of A106-Gr B steel in air and water environments at 288°C, strain
range of =0.75%, and hold periods at peak tensile strain. Hysteresis loops are
Jor tests in air.

2.1.4 Conclusions

Fatigue tests have been conducted on A302-Gr B low-alloy steel to verify whether the
current predictions of modest decreases of fatigue life in simulated PWR water are valid
for high—sulfur heats that show environmentally enhanced fatigue CGRs in precracked
specimens. This A302-Gr B low-alloy steel contains high sulfur (0.027 wt.%) and exhibits
increased CGRs in simulated PWR water (<10 ppb DO). The results for A302-Gr B steel
are consistent with data obtained earlier for A106-Gr B carbon steel and A533-Gr B low-
alloy steel. The data suggest that even steels with very high sulfur suffer only modest
decreases of fatigue life in simulated PWR water.

Tests have also been conducted on Al06-Gr B carbon steel in high-DO water at
288°C, a strain range of =0.75%, and 5- or 30-min hold periods at peak tensile strain.
The results indicate that a hold period at peak tensile strain decreases fatigue life in
high-DO water but not in air. A 5-min hold period is sufficient to reduce fatigue life.

10




3 Environmentally Assisted Cracking of Wrought and Cast SSs
in Simulated BWR Water

The objective of this work is to evaluate the resistance of wrought and cast austenitic
SSs to EAC in simulated BWR water. Alternative materials for recirculation system piping
in BWRs, e.g., Types 316NG and 347 SS, are very resistant to sensitization and thus are
much less susceptible to IGSCC than Types 304 and 316 SS used in many operating
reactors in the U.S. However, Type 316NG SS can undergo other modes of degradation,
such as transgranular stress corrosion cracking and corrosion-assisted fatigue, in
simulated reactor water chemistries.

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 and 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 molybdenum-containing CF-3M
and CF-8M grades with low- and high-carbon 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 chromium-rich o’ phase, an nickel- and silicon-rich G phase, M93Ceg, ¥
(austenite) in the ferrite, and additional precipitation and/or growth of existing carbides
at the ferrite/austenite phase boundaries.?22-31 These compositional changes increase the
tensile strength32 and decrease the impact energy and fracture toughness of the steels.33-
43 In general, the low-carbon CF-3 grade is most resistant and the molybdenum-bearing
high-carbon CF-8M grade is least resistant to thermal embrittlement.33.36

Cracking of cast SS components exposed to LWR coolants is rather infrequent
compared with that of other materials. However, an inspection of the drywell of a BWR to
determine the cause of an increase in unidentified leakage revealed a through-wall crack
in the manual gate valve in the condensate return line of the emergency condenser
system.” Subsequently, the internal components of other valves in the emergency
condenser system were removed and inspected by visual, radiographic, and ultrasonic
tests. Inspections of the inner surface of the valves revealed cracks near drain holes in
the valve bodies, which were made from CF-8M SS. Some of the cracks were within
0.15-0.35 in. of passing through the 1.25-in. wall thickness (=70-90% through wall). A
metallographic examination of a boat specimen revealed that the material contained
=15% delta ferrite and that the crack propagated transgranularly with little secondary
cracking, which is characteristic of a fatigue crack.

The purpose of the present work is to determine the effect of load ratio R on the
threshold stress intensity Ky for EAC of wrought and cast grades of austenitic SS in
oxygenated high-temperature water. An abrupt transition in the magnitude of the CGRs

* 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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from the “air curve” predicted by the ASME Code Section XI correlation at low values of
maximum stress intensity Kmax to a water curve at higher values will be incorporated into
the set of equations44 for corrosion fatigue crack growth of austenitic SSs in aqueous
environments.

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

During this reporting period, fracture-mechanics CGR tests were completed on 1T-
compact tension (CT) specimens of Type 316NG and 304 SS and as-received and
thermally aged CF-3 cast SS in oxygenated water at 289°C. The composition of Type
316NG, 304, and CF-3 SS specimens for CGR experiments are shown in Table 3, along
with that of other steels used to investigate threshold stress intensity factors for EAC.

Table 3. Chemical composition of wrought and cast austenitic SSs for
corrosion fatigue tests in oxygenated HP water

Heat Composition, wt.%
Grade No. C N P S Si Ni Cr Mo Mn

316NG 13198 0.013 0.085 0.022 0.017 0.64 10.70 16.51 2.08 1.63
316NG D432804 0.015 0.109 0.023 0.002 0.52 12.75 17.48 2.40 1.70

316NG P91576 0.015 0.068 0.020 0.010 0.42 10.95 16.42 2.14 1.63
304 30956 0.060 0.100 0.019 0.007 0.48 8.00 18.99 0.44 1.54
CF-82 68 0.063 0.062 0.021 0.014 1.07 8.08 20.64 0.31 0.64
CF-3a P2 0.019 0.040 0.019 0.006 0.94 9.38 20.20 0.16 0.74

CF-3a 69 0.023 0.028 0.015 0.005 1.13 8.59 20.18 0.34 0.63

a Measured ferrite content of cast SSs was 23.4% for CF-8, Heat No. 68; 15.6% for CF-3,
Heat No. P2; and 23.6% for Heat No. 69.

3.1.1 Threshold Stress Intensity for EAC of Type 316NG and 304 SS

Six tests were performed on a set of three specimens from different heats of Type
316NG SS to measure the threshold stress intensity for SCC (Kgee) in HP water containing
=6 ppm DO at 289°C. The test conditions and experimental results are shown in Table 4.
The CGR results at a load ratio R of 0.6 and Kpax values between 10 and 74 MPam1/2
are shown in Figs. 10 and 11. Kpax was increased in increments of =5 MPa-m1/2 from
the initial value of 10 MPam!/2 to 20 MPa-m1/2 at this R value as the experiment
progressed. The arrows associated with data in Figs. 10 and 11 at CGRs of <3 x 10-11
m-s—1 denote that the rates are based on the sensitivity of the dc potential crack-length
monitoring system, namely, 5 x 10-5 m divided by test times of =500 h. Deep cracks and
high CGRs in the last phase of the experiment yielded stress intensity factors >40
MPa-m1/2, The CGRs of the specimens were near or below the “air line” predicted by the
ASME Section XI correlation at Kmax values <25 MPa-m1/2 and were consistent with ANL
model predictions44 for crack growth in water at higher Kmax values (Fig. 11). The
results in Fig. 11 suggest a threshold Kmax for EAC of =26 MPa-m!/2 at a load ratio of 0.6.
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Analogous CGR tests were performed on a set of three specimens, namely, another
heat of Type 316NG SS, lightly sensitized (EPR =2 C-cm?) Type 304 SS, and thermally
aged (30,000 h at 350°C) CF-3 SS at a load ratio of 0.2. The tests were conducted in HP
water containing =7-9 ppm DO at 289°C at Kpax values between 5 and 54 MPa-m1/2,

The results are shown in Table 5 and Figs. 12 and 13. Several data points for the Type
304 and CF-3 SS specimens lie below the air line predicted by the ASME Code at Kpax

values between =10 and 18 MPa-m!/2, For the most part, the CGRs are consistent with

Code predictions in air, i.e., environmental enhancement in the rates is small, although
the results for Type 316NG, CF-3, and 304 SS specimens suggest threshold Ky ax values

for EAC of =22, 25 and 27 MPa-m!/2, respectively, at a load ratio of 0.2. The CGRs of
both specimens lie somewhat above the air line at higher Kmax; however, the predicted
rates in air and water tend to converge at Kmax values >30 MPa-ml/2. Within the

uncertainty of the measurements, the sensitized Type 304 SS specimen does not exhibit a
clear threshold Kmax for EAC in Fig 13.
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Figure 12.

Corrosion fatigue data for specimens
of Type 316NG, sensitized Type 304,
and thermally aged CF-3 SS in
oxygenated water at 289°C. Dashed
line represents ANL model
predictions for austenitic SSs in
water containing 8 ppm DO. Solid
line corresponds to crack growth of
SSs in air.

Water

8pmeO\/
/

316NG {Ht. 91578}
304 (Ht. 30956)
s CF-3(HL P2, Aged)
ST AR U STT MR ETeTT BN AT STty SRRt ST SR ETIT BT
10710 108 10
- -1
m‘
aair( S )

LI N 4L I £ L I L L L ML
PRI EERUIT Y MIETITT BRI MR AR AT

o Tl vod vomd ool ool s comd v (o

S,
N,
o,
\

Figure 13.

Dependence of CGRs of Type 316NG,
sensitized Type 304, and thermally
aged CF-3 SS specimens on Kmax in
oxygenated water at 289°C. Dashed
and solid lines represent model
predictions for austenitic SSs in
water containing 8 ppm DO and in
air, respectively, at an R value of 0.2
and rise time of 12 s.

A u¢ 316 NG
o F N CEac

& KThreshold

J1BNG (M. 91570)
304 (Ht 30956)
CE3  (HL P2, Aged)

i1

LI L AL ML WAL O L SRR L

i e h
10
K (MPa m

max

—

172
)

3.1.2 Threshold Siress Intensity for EAC of CF-3 and -8 Grades of Cast SS

Crack growth results for as-received and thermally aged specimens of cast SSs in
fracture-mechanics tests in high-temperature water were presented in several previous
reports.45-47  The tests were conducted to characterize the effects of material
composition, long-term thermal aging of the steels (30,000 h at 350°C), DO concentration
in HP water, and loading conditions (namely, load ratio and stress intensity factor) on
CGRs at 289°C. Several tests were conducted on as-received and thermally aged CF-8M
SS in air at 289°C to provide baseline information for comparison with results for wrought
SSs in air in Section XI of the ASME Code and in oxygenated water. The results, which
indicated that long-term thermal aging had no effect on the CGRs of CF-8M SS in air,
were consistent with predictions from the ASME Code at rates >5 x 10710 m-s-1 but were
below Code predictions by one order of magnitude at lower rates.46 For the most part,
the rates in water were bounded by the air curve from the Code and ANL correlations44
for wrought SSs in water at 289°C. At stress intensity factors <30 MPa-m!/2 and load
ratios 20.90, which yield CGRs of <5 x 10710 m-s~! in water, the data were considerably
below model predictions for crack growth in water containing 0.2 or 8 ppm DO.47 This
observation suggests that there is a threshold stress intensity for EAC of these steels that
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may depend on load ratio as well as on alloy composition, heat treatment, and
environment (i.e., DO level). This has been explored in subsequent tests and the results
are described below.

A fracture-mechanics CGR experiment was conducted on specimens of CF-3 grade of
cast SS in as-received and thermally aged (30,000 h at 350°C) conditions in HP water
containing 0.4 ppm DO at 289°C. Six tests were performed on this set of specimens to
measure the threshold Kpax at a load ratio R of 0.6. K,x was increased in increments of
=5 MPa-m1/2 from the initial value of 15 MPa-m!/2 to =57 MPa-m!/2 as the experiment
progressed. The results are shown in Table 6 and Figs. 14 and 15. High CGRs occurred
in the last phases of the experiment at stress intensity factors >30 MPa-m1/2. In Fig. 14,
the CGR data are plotted versus calculated CGRs of wrought SSs in air under identical
loading conditions. The data for the as-received specimen (Heat 69) are consistent with
values predicted by the ASME Section XI correlation for crack growth in wrought SSs in
air, whereas the results for the thermally aged specimens (Heats P2 and 69) lie below the
“air line” at Kpax values of <25 MPa-m1/2, but show a similar dependence on Kmax, and
are somewhat above the air line at higher Kpax values. The plot of the CGRs versus Kmax
in Fig. 15 shows an abrupt increase in the rates for the thermally aged specimens at a
Kmax of =25 MPa-m!/2, which suggests an EAC threshold for these specimens. The CGRs
for the as-received specimen follow the “air line” over the entire range‘ of Kmax values. At
Kmax and CGR values >30 MPam1/2 and >1 x 10-8 m-s-!, respectively, the curves
corresponding to crack growth in water and air tend to merge, so it is difficult to
establish whether a threshold stress intensity for EAC occurs in this range at a load ratio
of 0.6.

6 ; 28906 Hea(t:};’-g (Aged) E 1

- * 2

10 = R=06 o Heat 69 2As-received) ; 3 Figure 14.
FTe=12s ®  Heat 89 {Aged) ‘ 3 Corrosion fatigue data for as-—
3 DO = 0.4 ppm E received and thermally aged CF-3

_ 10‘82. SS in HP oxygenated water at

" E Water 289°C. Dashed line represents

. - 0.2ppm DO B/ i E ..

£ - - model predictions at an R value of

~ E —— E . s .

‘® 10_10: — . 0.6 and rise time of 12 s in water
3 " E containing 0.2 ppm DO. Solid line
L . " N corresponds to crack growth of
g = E wrought SSs in air.

1 0-12 L 1L LL1Lit 1 '|Al=lll 1 \Ill\llE 1 lklll”! I NN | 'Jl!IHI I Illlll:
1012 10710 108 106
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Results reported previously47 for thermally aged CF-8 SS in oxygenated water at a
load ratio of 0.95 (Fig. 16) indicate a threshold Kmax for EAC of =37 MPa-m!/2. The data
in Figs. 13, 15, and 16 indicate the threshold stress intensity for EAC of the thermally
aged cast SSs, i.e., a transition from the air curve (or below) at lower values of Kmax to a
water curve at higher values, decreases as the load ratio decreases. However, as the load
ratio decreases, e.g., from 0.95 to 0.2, the degree of environmental enhancement of the
CGRs relative to that in air also decreases, as can be seen in these figures. The data are
consistent with model predictions for wrought SSs, which show that as the load ratio
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decreases, CGRs in water and air increase and the difference in the rates becomes
smaller at a given Kpax value.

3.1.3 Dependence of Threshold Stress Intensity for EAC of Austenitic $SSs on Load
Ratio in 289°C Oxygenated Water

The dependence of the threshold stress intensity for EAC (KihbEAC) and AKLEAC,
where AK{hEAC = KinEAC(1 - R), for specimens of Types 347, 316NG, and sensitized 304
SS and thermally aged CF-3 and CF-8 grades of cast SS on load ratio is shown in Figs. 17
and 18, respectively. These figures summarize data obtained in HP water containing
0.4-9.0 ppm DO at 289°C at load ratios between 0.2 and 0.95. At a given load ratio, the
curves in Figs. 17 and 18 delineate the regimes where CGRs follow either the air line, i.e.,
to the left of the K{hEAC and AKLEAC curves, or the water line at higher Kpax and AK
values. At Kmax values <20 MPa-ml/2, where EAC in not significant, CGRs in water lie
below model predictions in water44 by factors of =10 and 100 at load ratios of 0.6 and
0.95, respectively, as shown in Figs. 15 and 16. Thus, based on the present results, it
may be more appropriate to utilize the air line when assessing crack growth of these
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steels in water for Kmax values below =20 MPa-m!/2, The dependence of AK{,EAC on load
ratio in Fig. 18 is given by the equation

AKhEAC = 25.0(1 - R). (1)

Because of the break in the curve in Fig. 17, Kt,EAC may be somewhat lower than the
value obtained from Eq. 1 at high load ratios, i.e., for R =1, K{hEAC is =25 MPa-m1/2,
whereas the results in Fig. 17 suggest a lower value of =20 MPa-m!/2, Several additional
tests will be performed to determine the applicability of the relatively simple dependence
of the EAC threshold on load ratio for all of the steels in oxygenated water. The CGR
model for austenitic SSs in high-temperature water?4 will be revised to incorporate
appropriate relations for the threshold stress intensity for EAC.

T T
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3.1.4 Morphology of Crack Path and Surface of Stainless Steel CGR Specimens
The morphologies of corrosion—fatigue cracks in the wrought and cast austenitic SS

specimens listed in Tables 4-6 have been determined. The 1T-CT specimens were
sectioned vertically, and one-half of each specimen was split in the plane of the crack in
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liquid nitrogen. The corrosion-product film was removed from the fracture surface by a
chemical process to reveal the morphology of the underlying material. The intact portion
of the specimen that encompassed the crack was polished and etched to corroborate the
mode of crack propagation and also to determine if crack branching had occurred during
the test. The total crack lengths at the end of the test were compared with values
obtained by the dc¢ potential-drop technique.

Figures 19-21 show the fracture surface, fracture morphology, and crack path in the
crack-tip region of three Type 316NG SS specimens that were used in the corrosion
fatigue experiments at a load ratio of 0.6 in HP water containing =6 ppm DO at 289°C
(Table 4). The crack path and fracture morphology of these specimens and another Type
316NG SS specimen (Fig. 22) from experiments at a load ratio of 0.2 in HP water
containing =9 ppm DO at 289°C (Table 5) reveal a transgranular mode of crack
propagation. The wide crack opening in the crack-tip region of several of the specimens
(e.g., Figs. 19, 21, and 22) was caused by the large stress intensity factors (43-74
MPa-m1/2) at the end of the experiments. The crack morphology shown in Fig. 23, for
the lightly sensitized (EPR = 2 C-cm?) Type 304 SS specimen in the experiments at a load
ratio of 0.2, was also transgranular.

TYPE 316NG SS HEAT TREATMENT LOAD CONDITIONS ENVIRONMENT
Spec. No. CTD 198-3 1050°C for 0.5h plus Kmax = 5-74 MPa-m1/2 HP Water; 6 ppm DO
Heat No. 13198 650°C for24 h R = 0.6; Freq. = 0.077 Hz 289°C

OUTER SURFACE

SCC

FRACTURE MORPHOLOGY

CRACK TIP REGION

FRACTURE SURFACE

Figure 19. Crack path, fracture surface, and fracture morphology of 1T-CT
specimen of Type 316NG SS (No. CTD-198-03) after crack growth
experiment in HP water at 289°C

The crack morphologies of thermally aged and as-received cast CF-3 specimens that
were tested in HP water containing either =9 ppm DO at a load ratio of 0.2 (Fig. 24,
Table 5) or =0.4 ppm DO at a load ratio of 0.2 (Figs. 25-27, Table 6) are transgranular.
The crack paths in these specimens traverse the austenite grains, in contrast to
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TYPE 316NG SS HEAT TREATMENT LOAD CONDITIONS ENVIRONMENT
Spec. No. CTD 4-1 1050°C for 0.5h plus Kmax = 5-38 MPa-m1/2 HP Water; 6 ppm DO
Heat No. D432804 650°C for24 h R = 0.6; Freq. = 0.077 Hz 289°C

OUTER
SURFACE

 Jwam
FRACTURE SURFACE FRACTURE MORPHOLOGY

CRACK TIP REGION
Figure 20. Crack path, fracture surface, and fracture morphology of 1T-CT
CTD-4~1) after crack growth

specimen of Type 316NG SS (No.
experiment in HP water at 289°C
TYPE 316NG SS HEAT TREATMENT LOAD CONDITIONS ENVIRONMENT
Spec. No. CTD 9-8 1050°C for 0.5h plus Kmax = 5-65 MPa-m1/2 HP Water; 6 ppm DO
Heat No. PO1576 650°C for24 h R = 0.6; Freg. = 0.077 Hz 289°C
QUTER
SURF/{\CE
| \ DUCTILE
% m-]--
8CC
B :ﬁii-*g = A =
FRACTURE MORPHOLOGY

FRACTURE SURFACE

CRACK TIP REGION
Figure 21. Crack path, fracture surface, and fracture morphology of 1T-CT
CTD-9-8) after crack growth

specimen of Type 316NG SS (No.
experiment in HP water at 289°C
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TYPE 316NG SS HEAT TREATMENT LOAD CONDITIONS ENVIRONMENT
Spec. No. CTP 9-3 1050°C for 0.5h plus Kmax = 543 MPa-m1/2 HP Water; 9 ppm DO
Heat No. P91576 650°Cfor24 h R = 0.2; Freq. = 0.077 Hz 289°C
QUTER
SURFACE

CRACK TIP REGION

FRACTURE SURFACE

FRACTURE MORPHOLOGY

Figure 22. Crack path, fracture surface, and fracture morphology of 1T-CT

specimen of Type 316NG SS (No. CTP 9-3) after crack growth
experiment in HP water at 289°C

TYPE 304 SS
Spec. No. 20
Heat No. 30956

HEAT TREATMENT
1050°C for 0.5h, 700°C
for 0.5 h, 500°C for 24 h

LOAD CONDITIONS
Kmax = 5-50 MPa-m1/2

R = 0.2; Freq. = 0.077 Hz

ENVIRONMENT
HP Water; 9 ppm DO
289°C

OUTER
SURFACE

o, MO um

CRACK TIP REGION

FRACTURE SURFACE

DUCTILE

SCC

1 FATIGUE

FRACTURE MORPHOLOGY

Figure 23. Crack path, fracture surface, and Jracture morphology of sensitized
IT-CT specimen of Type 304 SS (No. 20) after crack growth experiment

in HP water at 289°C
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CF-3 S8 HEAT TREATMENT LOAD CONDITIONS ENVIRONMENT
Spec. No. P2T-12 350°C for 30,000 h Kmax = 5-54 MPa - m1/2 HP Water; 9 ppm DO
Heat No. P2 in air R = 0.2; Freq. = 0.077 Hz 289°C
OQUTER
SURF.
\ ACE H B/2 'i

DUCTILE £8

CRACK TiP REGION

FRACTURE SURFACE

FRACTURE MORPHOLOGY
Figure 24. Crack path, fracture surface, and fracture morphology of thermally aged

IT-CT specimen of CF-3 SS (No. P2T-12) after crack growth experiment
in HP water at 289°C

CF-3 SS HEAT TREATMENT LOAD CONDITIONS ENVIRONMENT
Spec. No. P2T-11 350°C for 30,000 h Kmax = 15-56 MPa-m1/2 HP Water; 0.4 ppm DO
Heat No. P2 in air R = 0.6; Freq. = 0.077 Hz 289°C
OUTER
SURFACE

\

& o
— m”ﬂ g

CRACK TIP REGION

FRACTURE SURFACE

FRACTURE MORPHOLOGY

Figure 25. Crack path, fracture surface, and fracture morphology of thermally aged

IT-CT specimen of CF-3 SS (No. P2T-11) after crack growth experiment
in HP water at 289°C
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CF-3 SS

HEAT TREATMENT

LOAD CONDITIONS

ENVIRONMENT

Spec. No. 692-08B As-received Kmax = 15-55 MPam1/2 HP Water; 0.4 ppm DO
Heat No. 69 R = 0.6; Freq. = 0,077 Hz 289°C
QUTER
SURFACE
- DUCTILE
SCC
: | FATIGUE

CRACK TiP REGION

Figure 26. Crack path, fracture surface, and fracture morphology of as-received
IT-CT specimen of CF-3 SS (No.

FRACTURE SURFACE

experiment in HP water at 289°C

FRACTURE MORPHOLOGY

692-08B) after crack growth

CF-3 SS HEAT TREATMENT LOAD CONDITIONS ENVIRONMENT
Spec. No. 692-03B 350°C for 30,000 h Kmax = 15-44 MPam1/2 HP Water; 0.4 ppm DO
Heat No. 69 in air R = 0.6; Freq. = 0.077 Hz 289°C
QUTER
SURFACE

k4
;
/

1O pen £~ T e anm
B v £ - L

-

CRACK TIP REGION

FRACTURE SURFACE

FRACTURE MORPHOLOGY

Figure 27. Crack path, fracture surface, and fracture morphology of thermally aged
IT-CT specimen of CF-3 SS (No. 692-03B) after crack growth
experiment in HP water at 289°C
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specimens from previous tests at a higher load ratio of 0.95,45.47 where the cracks
preferred the ferrite phase or ferrite/austenite phase boundaries. In the latter
specimens, the path intersects austenite grains when their orientation would require the
crack to deviate significantly from the crack plane. As the load ratio decreases from 0.95
to 0.6 and 0.2 at a Kmax > KthEAC, the CGRs increase significantly (e.g., by factors of =10
and 100, respectively at a Kpax of =40 MPa-m1/2), which indicates that the mechanical
contribution to crack propagation in oxygenated water at low load ratios increases at the
expense of the environmental factor. This is consistent with the change in crack path and

the more planar nature of the crack surfaces in specimens from experiments at load
ratios <0.6.

4 Irradiation-Assisted SCC of Austenitic SSs

In recent years, failures of reactor-core internal components in both BWRs and PWRs
have increased after accumulation of relatively high fluence (>5 x 1020 n.cm-2,
E >1 MeV). The general pattern of the observed failures indicates that, as nuclear plants
age and neutron fluence increases, various apparently nonsensitized austenitic SSs
become susceptible to intergranular failure. Some components (e.g., dry tubes, control-
blade handle and sheath) are known to have cracked under minimal applied stress.
Although most failed components can be replaced, some safety-significant structural
components 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 IASCC.

In the mid-1960s, investigators began to implicate impurities, such as Si, P, and S in
IASCC failure of components fabricated from solution-annealed nonsensitized austenitic
SS. However, in direct contradiction of the earlier beliefs and initially encouraging test
results obtained from HP Type 348 and 304 austenitic SSs, many investigators have
reported slow-strain-rate-tensile (SSRT) and in-reactor test results which indicate that
resistance of other HP heats (low in Si, C, P, and S) of Types 304 and 348 SS to IASCC
failure is no better than that of CP materials. Therefore, the issue of superior
performance of HP materials and the mechanisms of IASCC appear to be far from
established. In general, heat-to-heat variation in susceptibility to IASCC has been very
significant regardless of material grade, even among similar HP materials of virtually
identical chemical composition. This seems to cast serious doubt not only on the role of
grain-boundary segregation of impurities (i.e., Si, P, or S) but also on the premise that
chromium depletion is the only important mechanism of IASCC. Although significant
grain-boundary chromium depletion is believed by most investigators to play an
important role (e.g., in thermally sensitized and irradiated components), it has been
suspected that another primary process of IASCC of solution-annealed materials may be
associated with other impurity elements (e.g., trace impurities) that are not specified in
the ASTM specifications and that have been overlooked by most investigators. These
elements are typically associated with iron and steel-making processes and with
fabrication of the actual components, i.e., elements associated with flux compounds,
cutting agents, recycled scrap, and strengthening materials. Some investigators suspect

that hydrogen plays an important role through a yet-to-be-identified synergism in the
process of IASCC.
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In the following sections of this report, results of grain-boundary chemical analysis
by Auger electron spectroscopy (AES) of Type 304 SS specimens from components
irradiated in operating BWRs are examined further to determine the role of trace
elements in promoting IGSCC in simulated BWR water. Other topics include:
susceptibility of BWR irradiated Type 304 SS to hydrogen-induced intergranular fracture
by mechanical loading in vacuo, status of fabrication of additional SSRT specimens from
BWR neutron absorber rods, initial data that show the effects of electrochemical potential
(ECP) and DO on IGSCC of specimens from BWR neutron absorber rods, and progress on
assembly and calibration of a J-R test facility that will be used to determine fracture
toughness of CT specimens irradiated in the Halden reactor.

4.1 Role of Trace Elements in SCC of Irradiated Austenitic SSs
(H. M. Chung, W. E. Ruther, and J. E. Sanecki)

In a previous publication,48 we have reported initial results of AES analyses of trace
elements (fluorine and vanadium} and a correlation of the results with susceptibility to
IGSCC of Type 304 SS specimens (Table 1) irradiated in several BWRs to =2 x 1021
n-cm~2 (E >1 MeV). The initial results indicated that susceptibility to IGSCC correlated
well with grain-boundary concentrations of fluorine and vanadium. In this reporting
period, more detailed analyses of fluorine have been conducted on ductile and
intergranular fracture surfaces and on precipitates that were revealed by in-situ fracture
of Types 304 and 348 SS specimens in the ultrahigh-vacuum environment of a scanning
Auger microscope. The expanding-mandrel tube specimens from CP and HP heats of
Type 348 SS, stressed by swelling of B4C and AloO3 pellets during irradiation in a fuel
assembly in an operating BWR, were obtained from Siemens AG, Erlangen, Germany.
Chemical composition, fluence, and susceptibility to cracking of the Type 348 SS tubes to
IASCC have been reported in detail elsewhere by Garzarolli et al.49-50 Fast-neutron
fluence of IASCC-susceptible CP and IASCC-resistant HP heats of Type 348 SS was
=1.5 x 102! and =3.5 x 1021 n-cm~2 (E > 1 MeV), respectively. Chemical compositions of
the two heats are given in Table 7.

Table 7. Chemical composition and fluence of HP and CP Type 304 and 348 SS
BWR specimens analyzed by AES
Heat Composition (wt.%) Source Service Fluence
ID No. Cr Ni Mn C N B Si P S Code Reactor (1021 n.cnr?)
HP304-A 18.50 945 153 0018 0.100 <0.001 <0.03 0.005 0003 V-AT2 BWR-B 0.2-14

HP304-B 18.30 975 132 0.015 0.080 <0.001 0.06 0.005 0005 V-AT2 BWR-B 0.2-1.4
HP304-CD 18.58 944 122 0.017 0.037 0.001 0.02 0.002 0003 Vv-AT2 BWR-B 0.2-1.4

HP304-CD 18.58 944 122 0017 0.037 0.001 0.02 0002 0003 QC-AT2 BWR-QC 2.0
CP304-A 16.80 8.77 165 .08 0.052 - 1.55 0.045P 0030P BL-AT¢ BWR-Y 0.2-2.0
CP304-B 18.0-20.0 8-105 2.00b 0.088 - - 1.00b 0.045P 0.030t LC-8sd BWR-LC 0.5-2.8
CP348a 17.4 11.5 1.56 0.074 0.042 - 0.34 0.007 0.009 SMT¢ BWR-P =1.5
HP348b 17.7 11.1 1.65 0.041 0.008 - 0.19 0.002 0.007 SMT€ BWR-P =3.5

aHP neutron absorber tubes, OD = 4,78 mm, wall thickness = 0,63 mm, composition before irradiation.
bRepresents maximum value in the specification; actual value not measured.

CCP absorber tubes, OD = 4.78 mm, wall thickness = 0.79 mm, composition after irradiation.

dCP control blade sheath, thickness = 1.22 mm; actual composition not measured.

€swelling-mandrel tube irradiated in 7 x 7 fuel assembly in BWR KKP-1.
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AES analysis of fluorine in SSs is inherently difficult because of the unique
characteristics of Auger electrons of fluorine relative to those of iron. The primary Auger
electron peak (derivative peak) for fluorine is at 650 eV and two minor peaks occur at
625 and 605 eV, respectively. The primary (650 eV) and secondary (605 eV) peaks of
fluorine overlap with the primary (651 eV) and secondary (608 eV) peaks of iron,
respectively. Because of this, it is easy to overlook the presence of fluorine at low
concentration in steels by means of AES. However, at some locations on in-situ fracture
surfaces of some BWR specimens, intensities of both 625- and 605-eV peaks were
significantly high, and the presence of fluorine could be detected readily. This is shown
in Fig. 28.

The 625-eV peak is unique to fluorine and absent in pure iron, either in N(E} or
dN(E}/dE spectra. Therefore, a consistent linear correlation is expected between the
intensities of the 605-eV (iron plus fluorine) and 625-eV (fluorine) peaks if fluorine is

783~Ni

716-Fe+Ni
716-Fe+Ni

703~Fe

650-Fe+F (B) 703-Fe (C) 703-Fe 703-Fe

650-Fe+F 650-Fe+F 650-Fe+F

Figure 28. dN(E)/dE Auger electron spectra showing absence or presence of fluorine
peaks (625~ and 605-eV) from (A) nonirradiated Type 304 SS, ductile fracture
surface; (B} BWR control-blade sheath. Type 304 SS, Heat CP304-B (Table 7),
fluence =2 x 1021 n.cm~2, intergranular fracture surface; (C) BWR neutron—
absorber-rod tube, Type 304 SS, Heat CP304-A, fluence =2 x 1021 n.cm~2,
intergranular fracture surface; and (D) BWR swelling test tube, Type 348 SS,
Heat 348a,49-50 fluence =2.3 x 1021 n.cm~2, ductile fracture surface. The
primary peak of fluorine at 650 eV is hidden behind the 650-eV iron peal.
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present in analyzed locations, as shown in Fig. 29. This figure shows that specimens
obtained from BWR components contain trace amounts of fluorine at different levels. If
fluorine was absent in the specimens, intensities of the 625-eV peak in Fig. 29 would be
zero or negligible, as in the case of pure iron, regardless of the intensities of the 605-eV
peak. An independent confirmation by means of a more sensitive chemical analysis is
planned, even though trace amounts of halides in irradiated materials are known to be
difficult to determine. At present, preparations are being made to analyze fluorine by
glow-discharge mass spectrometry.
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For comparison, Fig. 30 shows intensities of the 605- and 625-eV peaks for ductile
fracture surfaces and various types of precipitates in the in-situ-produced fracture
surfaces of Type 304 and 348 SS specimens. Essentially, four types of precipitates were
identified by AES, i.e., MnS and CuS types in CP and HP Type 304 SS, and CuS, NbC, and
M(S,F) types (M being iron and chromium) in CP and HP Type 348 SS specimens. In
Fig. 30, fluorine trapping (i.e., a preferential partitioning of fluorine) in various types of
precipitates is indicated by the somewhat higher intensities of the 605-eV (iron plus
fluorine, left column) and 625-eV (fluorine, right column) peaks from precipitates
compared with those of ductile surfaces. It seems that fluorine atoms are trapped
strongly by sulfides but not by carbides. On the basis of these observations, the effect of
fluorine on IGSCC is believed to be influenced not only by bulk concentration of fluorine
in the steels but also by the type, number density, and volume fraction of precipitates
that trap fluorine atoms.

The relative intensities of the 605-eV peak (fluorine plus iron), obtained from ductile
(denoted by “D"), faceted, featureless (denoted by “U”), and intergranular (denoted by “I”)
fracture surfaces of CP and HP Types 304 SS BWR specimens irradiated to a fluence of
~2 x 102! n.cm~2 (E >1 MeV), are shown in Fig. 31. In the figure, the right-hand-side
graphs show results obtained from duplicate specimens. Similar results obtained from
the 625-eV peak (fluorine) are shown in Fig. 32. The relative intensities from ductile and
intergranular fracture surfaces of Figs. 31 and 32 indicate that fluorine segregation to
grain boundaries, either by thermal or irradiation-induced processes, is negligible.
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Figure. 30. Relative intensities of 605-eV peak (iron plus fluorine, left column) and
625-eV peak (fluorine, right column) from ductile surfaces (denoted by
“D”) and precipitates (denoted by “P”) of CP and HP Type 304 and 348 SS
BWR specimens




% ~250 - g 250

5 & | F605eV,HP348b (E)- S® | Fe25ev,HP3480 (3]

= g 200 | BWR-P expanding tube = g 200 BWR-P expanding tube I f

g' 4.8 x 1(?1n/cm2 g‘ 1 2

< z 4 1 < > 48 x 1€ 'nfem b
S50 - & 150 |- _
= = | M(S,F)-type

° - . o ]

o g M(S,F)-type o2 precipitates

N« 100 |- precipitates N g 100 |- i

7 | Y ® ) N i

£ g ductile surfaces

= 50 P 50 4

°'s o'

z F ductile surfaces Z ]

0 R & N b 0 B ;| A I
AD BD CD DD ED FD 4P F AD BD CD DD ED FD 4P FP 2FP3FPA4FP

Figure 30. Continued

& 200 B 5200
.g 0 S =
2 ‘é‘ (A) F-605 eV, CP304-A = r (B) F-605 eV, CP304-A 1
- - 1 2 BWR-Y absorber D - 1 2 BWR-Y absorber
1 o = 160

E_D g0 2x 102 n/orm Specimen-1 £ > 2x 102 n/em Specimen-2

-9 r q b 4
<t <5

5200 7 S B0 i
Te o . o2 | ]
N & Ng
o <L 80 - =380
== ©
£u Eu
|
c no- 40 2 "5 4 0
4

LocatioR 1C2E2F 5A5C 2A2B 1B1A 2D3A5B 6A

Fracture D D D D Db uu U I | I 1 f lFocatioR 3 4 4B

9
ractire b p p D D DD DU U I I

DT 1113148 121 2 5 610
LI

Type Type
g 200 3 o 200
S
2= (C) F-605 eV, CP304-B 2% r (D) F-605 eV, CP304-B 1
=3 BWR-LC sheath o) L BWR-LC sheath  _|
E‘ >160 26 x 1€ T nical Specimen-1 3 >160 2.3 x 16 Tnferd Specimen-2
< £ <E 7 i
g0 7 = 120~ .
vE | o3
g I '
o < go- . = < 50 -
g w ] Ew ¢ —
o 40 N 0% 44 -
z° | z 0 4§
Locatio G H KL MNP
Fractulre Al 4 @ RCT 8 COD Localio?l 3 1112171156131 085 9 7 41461 2
ppDpDDDI11 0t 11 1 1V 1 [
Trpe Fracture D D D O 1 | | b L 1 1 & 1 1 11 1
Type
£ o200 8 200
)
22 I (E) F-605 eV, HP 304-CD == [ (F) F-605 eV, HP 304-CD
=51 BWR-QC absorber _ = -QC b —
g' 60 1.4 x 1021 n/cn? Specimen-1 TR 160 14 x 1021 n/cm2 BWR gpe:ibrzn-zr
<z E> | ]
© <
5120 |- n © 120~ ~
- ._a 3 q =] = F ]
:l’ - ol
=< sor- - NXE 3¢ N
=3 — <L
© L | = L ]
g uu: 40 gu aq
L £ . |
z° | 2% | ]
Locatich 6 151 61

7‘:‘2 k?g&ﬂ$g3114187102191213&0!]58??[4

Fracture D D D D D pDDDODDI E 1V L1 F 1

Type Type
Figure 31. Relative intensities of 605-eV peak (fluorine plus iron) from ductile
(denoted by “D”), intergranular (“I”), and faceted (“U”) fracture surfaces of
CP and HP Type 304 SS BWR specimens irradiated to =2 x 1021 n.cm=2

31




l_.l‘nitsé
2 3 3 8

Normalized Amplitude
-9
o

of F (Arbitrary

Locatioon 3

(G)
2

1.4 x 1(]'21 n/cm

Fracturep

Type

F-605 eV, HP304-A
BWR-B absorber
Specimen-1

3
(=3
o

-
D
o

Lo
o

of F (Arbitrary Units)
I >
o o

Normalized Ampiitude

Locatiolq
Fracture

Type

2

20x 1¢" nient

F-625 eV, CP304-A
BWR-Y absorber
Specimen-1

C2E2F 5A5C2A28 1B1A 2D3A5SBG6A

D DD D D

u u u it 1 | 1

s
- e

N =2 (=]
=] [ (=)

@
o

of F (Arbitrary Unit
'
<

]
T
=3
x
a
£
<
T
o
N
©
£
L
]
z

Locatiorq
Fracture

Type

(¢)

2.6 x 1021 n/cm2

F-625 eV, CP304-B
BWR-LC sheath
Specimen-1

-
[
]

T

of F (Arbitrary Units)
2]
P o

Normalized Amplitude

o
o

Locatiog
Fracture
Type

g
T

(E)

1.4 x 10E21 n/<:m2

F-625 eV, HP 304-CD
BWR-QC absorber
Specimen-1

6 7
DD

01 21

32 4 5 8 9 1
I T T S B

31 4
[

Figure 31. Continued

b,
o
<

—
2]
(=2

of F (Arbitrary Units)
° §

S
o

—

Normalized Amplitude

Locatior? 3 4

4
Fracture p p
Type

B9
DD p DD

pT 1 11 31 48 1

F-625 eV, CP304-A A
BWR-Y absorber
Specimen-2

21 2 5610
puv vi1 11l

N
[=}
S

(D)
2

23 x 1021 nfem

-
=23
o

of F (Arbitrary Units)
© o
o o

Normalized Amplitude
-
QL

F-625 eV, CP304-B
BWR-LC sheath
Specimen-2

Locatioon 3111271661310
Fracture p p p D I I | |
Type

85 9 7
LI T B |

N
3

(F)

14 x 10:21 n/t:m2

_._.
A = S -

of F (Arbitrary Units)
o

Normalized Amplitude

F-625 eV, HP 304-CD
BWR-QC absorber
Specimen-2

Eg:&ﬁ£n31nma71oz1 91
Wb DDDD O L

23

62 a 86 5 4
| IR T S T T T S B O |

Figure 32. Relative intensities of fluorine signal (625 eV) from ductile (denoted by “D”),
intergranular (“I’), and faceted (“U") fracture surfaces of CP and HP Type
304 SS BWR specimens irradiated to =2 x 1021 n-cm™2
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From the results shown in Figs. 31 and 32, intensities of the 605-eV peak (iron plus
fluorine) and 625-eV peak (fluorine) were correlated with previously reported51.52
susceptibilities of BWR specimens to IGSCC determined from SSRT tests. The
correlations, shown in Figs. 33A and 33B, respectively, indicate a consistent pattern.
That is, when fluorine is present in the steels above a certain level, susceptibility of the
irradiated BWR specimens to IGSCC increases significantly.
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Figure 33. Relative intensities of the (A) 605-eV peak (iron plus fluorine] and
(B) 625—eV pealk (fluorine) vs. % IGSCC measured from SSRT tests of CP and
HP Type 304 SS BWR specimens irradiated to =2 x 1021 n cm2 (E >1 MeV)

On the basis of the present analysis of the effect of fluorine and the previously
reported effect of grain-boundary chromium depletion,®!.52 it appears that for a similar
level of hardening of the grain matrices by irradiation, a synergy of significant grain-
boundary chromium depletion and a high fluorine level are conducive to a high
susceptibility to IASCC. For example, the IASCC-resistant control blade sheath (Heat
CP304-B, Table 7) was characterized by negligible grain-boundary chromium depletion
and absence of fluorine in bulk (Figs. 31-33). On the other hand, the IASCC-susceptible
neutron absorber tube (Heat HP304-A) was characterized by significant grain-boundary
chromium depletion and relatively high level of fluorine.

A summary of the microchemical characteristics and susceptibility to IGSCC of the
irradiated steels is given in Table 8. As reported previously,51.52 the relative
susceptibility to IGSCC could not be explained on the basis of grain-boundary segregation
of Si or P. The relative susceptibility could be explained only with partial success on the
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basis of grain-boundary depletion of chromium alone. The presence of fluorine and
grain-boundary depletion of chromium accounts for the observed susceptibilities of all
tested BWR specimens. For example, the [ASCC-resistant control-blade sheath
fabricated from a CP grade heat of Type 304 SS (CP304-B, Table 8) was virtually free of
fluorine, and grain-boundary depletion of chromium in the heat was negligible. In
contrast, the IASCC-susceptible neutron-absorber-rod tube fabricated from a HP grade
heat of Type 304 SS (HP304-A) contained a relatively high level of fluorine, and grain-
boundary depletion of chromium in the heat was significant.

Table 8. Summary of microchemical characteristics and susceptibility to IGSCC of CP
and HP specimens of Type 304 SS from BWR components irradiated to a
fluence of =2 x 1021 n.cm2 (E >1 MeV)

Grain—

Grain- Bulk Bulk Boundary Grain-Boundary
Boundary Concentration Concentration Concentration Concentration
Heat Susceptibility Cr Depletion2  of Fluorine of Vanadium of Silicon 2 of Phosphorus?
CP304 -B negligible & negligible negligible negligible high high
HP304-CD lowP significant negligible negligible very low very low
CP304-A high?@ medium high high high high
HP304-A highest @ significant high high very low very low

ASee Ref. 51
bgee Refs. 53 and 54.

The present finding regarding the effect of fluorine contained in irradiated BWR
specimens appears to be consistent with the effect of fluoride ions dissolved in water on
the SCC of nonirradiated sensitized SS, which was reported by Ward et al.55 In this
study, fluoride ions as low as <1 ppm in water (25-82°C) were found to produce
intergranular cracking in sensitized Types 304, 316, and 348 SS to varying degrees.
However, solution-annealed steels and heat-affected zones near weldments were not
susceptible under similar conditions. Besides sensitization, at least one or more of the
following conditions were a prerequisite for intergranular attack: tensile stress (applied or
residual); cold work; a crevice; and visible oxide film. Under some conditions (e.g., a
thick oxide film), intergranular cracking occurred with negligible stress.

In irradiated steels, grain hardening (by neutron displacement damage) and grain-
boundary depletion of chromium (by radiation-induced segregation) are always present to
varying extents. It has been reported that irradiation hardening is significant for a
fluence as low as =2 x 1020 n cm=2, E >1 MeV (yield strength increases from =180-200 to
400-500 MPa).52 It appears likely that a trace amount of fluorine in a crack-tip region in
irradiated steels can enhance cracking along grain boundaries that are depleted of
chromium.

Fluorine contamination can occur in SS components via the following routes.

. Fluorspar, =75% CaFs, is a neutral flux used in production of crude iron and in steel-
making processes. Steels with recycled fluorine-containing scrap would also inherit
fluorine. Most stainless steels produced in the U.S. use recycled scrap.

¢ Flux in welding electrodes. Weld slag and welding fumes contaminate welds and the

heat-affected zone with fluorine. Gas tungsten arc, plasma arc, and electron-beam
welding do not use flux; thus they contribute no fluorine contamination. Most large
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components (such as a BWR core shroud) are welded by submerged arc and shield-
metal-arc processes because these processes are most practical and economical.
However, these field processes use welding electrodes coated with fluorine—
containing flux, and fluorine contamination from weld slag and welding fumes is
possible.

e Pickling solutions that containing HF. Most small-tube components (e.g., BWR
neutron-absorber-rod and dry tubes and PWR control-rod cladding) receive surface-
finishing treatments after extrusion. After sand blasting, they are usually pickled in
an HNO3-HF solution to remove dirt, oil, and grease before shipping.

It is possible that the trace amounts of fluorine detected in BWR neutron-absorber-
tube specimens analyzed in this study could have originated from an HNO3-HF pickling
solution. Such a contamination seems to be negligible in the control-blade sheath
fabricated from sheet steel.

The mechanism whereby fluorine aggravates intergranular cracking is not known at
this time. However, the process is believed to be associated with the presence of water
and fluorine-containing compounds that react strongly with water. Ward et al
hypothesized that fluoride ions in water form soluble FeFg ions, which dissolve grain-
boundary materials.55 Another possibility, is that fluorine can combine with hydrogen to
form HF molecules in the crack-tip region; HF will also react strongly with water.
Vanadium pentafluoride {VFs), a powerful oxidizing agent, readily forms at =300°C and is
highly soluble in water.56

4.2 Effect of Water Chemistry on IASCC Susceptibility
(W. E. Ruther and H. M. Chung)

The effect of water chemistry on IASCC of BWR components has been assumed by
many investigators to be similar to that for IGSCC of thermally sensitized austenitic SSs.
However, data that show the influence of water chemistry on susceptibility of irradiated
materials to IASCC are very limited, and it has not been well established that IASCC can
be suppressed effectively by reducing the ECP of the material, and if so, what is the
threshold level of the ECP. Data on effects of water chemistry on IASCC have been
reported for only a few heats of Types 304 and 316 SS.57-60

To obtain a database on the effects of DO and water chemistry on susceptibility to
IASCC, 31 SSRT specimens have been prepared from CP and HP Type 304 SS neutron-
absorber-rod tubes irradiated in two BWRs. Boron carbide absorber was removed from
the tube sections, and Swagelok fittings were attached to both ends of each tube section.
The source of the heats (one CP and three HP) and fluence of the 31 specimens are
summarized in Table 9.

Initial SSRT tests were conducted on several specimens listed in Table 9 to
determine the effects of DO and ECP on time to failure, maximum stress, and total
elongation. Neutron-absorber-rod tubes, fabricated from three similar heats of HP Type
304 SS and irradiated to a fluence of =1.4 x 102! n.cm~2 (E > 1 MeV) in a BWR, were
tested in HP water at 289°C at a DO level of =8 ppm. Details of the feedwater chemistry
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Table 9. Source and fluence of 31 SSRT specimens of CP and HP Type 304 SS
prepared from BWR neutron-absorber rods to determine effect of water
chemistry on susceptibility to IASCC

SSRT Absorber Rod  Rod ID No. (BWR-Y} Rod ID No. (BWR-B) Source Fast Neutron

Specimen  Tube Section and Tube Section and Tube Section Stainless Steel Fluence
Swagelok Hot-Cell Axial Level Axial Level Heat (1021 n.cm—2)

ID No. ID No. (Inches from Bottom) (Inches from Top) 1D No. (E>1MeV)

20 389C2-1 4, 1624 CP304-A 0.6
21 389C2-2 4, 16-24 CP304-A 0.6
22 389D2-1 5, 1624 CP304-A 0.6
23 389D2-2 5, 1624 CP304-A 0.6
24 389D3-1 5, 104-112 CP304-A 2.0
25 389D3-2 5, 104-112 CP304-A 2.0
26 389C3-1 4, 104-112 CP304-A 2.0
27 389C3-2 4,104-112 CP304-A 2.0
28 389C1-1 4, 0-18 CP304-A 0.2
29 389C1-2 4,0-18 CP304-A 0.2

30 389D1-1 5,0-18 CP304-A 0.2
31 389D1-2 5,0-18 CP304-A 0.2
32 ABA2-1 ABA, 0-8 HP304-A 1.4
33 ABA2-2 ABA, 0-8 HP304-A 1.4
34 473E-2 C4, 74-82 HP304-CD 0.7
35 389F2-1 18, 16-24 CP304-A 0.6
36 473E-1 C4, 74-82 HP304-CD 0.7
37 389F2-2 18, 1624 CP304-A 0.6
38 473D-1 B5, 74-82 HP304-B 0.7
39 389F3-2 18, 104-112 CP304-A 2.0

40 389F3-1 18. 104-112 CP304-A 2.0
41 473D-2 B5, 74-82  HP304-B 0.7
42 473C-1 CBA, 0-8 HP304-CD 14
43 473C-2 CBA, 0-8 HP304-CD 1.4
a4 473B-1 C5A, 0-8 HP304-CD 1.4
45 - - - -

46 473B-2 C5A, 0-8 HP304-CD 1.4
47 473A-1 B7A, 0-8 HP304-B 14
48 473A-2 B7A, 0-8 HP304-B 14
49 BBA2-3 BBA, 0-8 HP304-B 1.4
50 B6A2-4 B6A, 0-8 HP304-B 14

and SSRT parameters are listed in Table 10. Chemical composition of the three heats
(HP304-A, -B, and -CD, Table 7) is virtually identical, except for manganese and nitrogen
levels. Results of the tests, shown in Fig. 34, seem to be very consistent.

In a previous test with a DO of =0.3 ppm, total elongation of an HP304-A specimen
irradiated to a similar fluence was only =0.6%, somewhat lower than the present




Table 10. Results from SSRT? tests on specimens from three heats of HP Type 304 SS
neutron absorber tubes in water containing =8 ppm DO at 289°C

Source Neutron Feedwater Chemistry SSRT Parameters
Source Rod and Fluence -y Oxygen Average Cond. pH Failure Max. Total
SSRT Swagelok Heat Section E>1 MeV, Hot-Cell Conc., ECP at 256°C, at25°C Time, Stress, Elong.,
No. Ident. No. Ident. No. Ident. No. 1021 ncmr2 Ident. No. ppm mVSHE uS-cm! h MPa %
IR-41 32 HP304-A  A6A, 0-8 1.4 A6A2-1 8.3 156 0.120 6.35 34.7 414 2.06
IR-42 33 HP304-A  ABA, 0-8 14 AGA2-2 8.2 277 0.118 6.48 316 372 1.85
IR-43 47 HP304-B B7A, 0-8 1.4 473A-1 89 165 0.118 6.49 31.9 383 1.91
IR-44 42 HP304-CD C6A, 0-8 14 473C-1 8.2 122 0.084 6.80 30.8 360 1.83
aStrain rate of 1.65x 1077 s71.
soo T T T T T T 1 1T T T~ 1 T T T T
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elongation of =1.88%.51 Although the elongation of both specimens was small, we would
expect that a higher level of DO would produce a higher susceptibility to IASCC (i.e., lower
total elongation). This trend is observed for IGSCC of nonirradiated sensitized
commercial-purity materials. Based on a few tests, it appears that susceptibility of the
irradiated HP heats is not significantly influenced by DO levels between =0.3 and 8 ppm,
however, the database is insufficient and further tests must be conducted.

4.3 J-R Fracture Toughness Test of Irradiated Austenitic SS
(R. A. Erck, W. E. Ruther, and H. M. Chung)

Equipment is being built to perform in-cell J-R tests on miniature austenitic SS CT
specimens by the dc potential-drop method. The miniature CT specimens, fabricated
from several heats of Type 304 SS and irradiated to a fluence of =4.3 x 1020 n.cm~2, have
already been received from the Halden Reactor.

4.3.1 Facility

The system consists of a mobile tension test stand, furnace, and equipment rack. A
schematic representation of the test stand is shown in Fig. 35. The hatched areas in the
figure show the stressed members of the apparatus. Other members support the furnace
assembly, which moves vertically on bearings to allow access to the specimen grips. An
Instron 8500 servohydraulic control system has been acquired to operate the hydraulic
cylinder.
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Figure 35. Schematic representation of J-R fracture-
toughness facility for tests on miniature CT

specimens of austenitic SS irradiated in the
Halden HBWR

The dc potential-drop current is provided by a regulated power supply, and a
Hewlett Packard 3457A microvoltmeter measures the generated potential. A PC
computer, running a PASCAL program, is currently used for measurements of crack
extension. The computer interfaces with a microvoltmeter via an IEEE 488 bus. The
data-analysis program was written for standard-size tension specimens, but is readily
adaptable to any size specimen by changing parameters.

Assembly and testing of the furnace has been completed, and stable operation to
+1°C at 288°C has been obtained. Temperature drift must be made as small as possible
to minimize errors in the dc potential signals. The specimen is isolated from the ambient

environment by a cylindrical thermal mass, with 50.8-mm bore, that is heated by the
surrounding furnace.

We expect to acquire a more efficient and versatile program based on LabVIEW™
language, an icon-based programming language that can run on both IBM and Macintosh

computers. The advanced program will be able to acquire data and communicate with
the Instron 8500, thus allowing unattended operation.

The small specimen size makes remote attachment of the platinum current and
potential wires (0.76 and 0.41 mm in diameter) difficult, especially with a remote
manipulator. Originally, we thought that current and potential leads could be attached
by small screws inserted into tapped holes in the CT specimen. A motorized jig for
remotely attaching the screws was built, but this does not appear to be feasible. Instead,
potential leads will be attached by means of tapered pins inserted into the angled holes
that already exist in the specimen. Current leads will be attached by means of a spring
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clip that is inserted from the back of the specimen. The placement of wires will conform
to the ASTM draft recommendations for J-integral testing of CT specimens. The current
will be introduced halfway along the width, and the potential will be measured at a
distance one-sixth of the width from the midplane. Current and potential leads will be on
the specimen centerline. This can be achieved if the existing tapped holes are used, and
a clip is made for attaching the current leads. Based on finite-element methods, other
investigators have concluded that current leads should be close to the crack tip and away
from the potential leads.

4.3.2  Preliminary Test Results

Preliminary tests were conducted on nonirradiated Type 304 SS specimens at
ambient temperature. These specimens were 50% cold-worked to simulate the
embrittling effects of neutron irradiation. The specimens were similar in size and shape
to the CT specimens irradiated in the Halden reactor, but the notch was square (not
tapered), and no side groove was made. Current leads were spotwelded to the back of the
specimen and potential was measured on the front. Specimens were strained in tension
on an Instron machine. Number 32 drill rod was used to connect the CT specimen to the
grips. During the test, a cobalt high-strength steel drill rod fractured under load, and
subsequent tests were performed with a conventional drill rod. The crosshead speed was
8.3 x 1004 mm-s-1.

A program designed to acquire crack-extension data from nonirradiated 1T-CT
specimens was used. After changing the program parameters to match the size of the
miniature CT specimens, the crack length measured from the DC potential output was in
good agreement with the actual crack length. The notch length was initially 5.9944 mm.
Table 11 shows the applied force, measured resistance, and calculated crack length.

Table 11. Crack growth in cold-worked
CT specimen of Type 304 SS

Applied Measured Calculated

Test Force, Resistance Ratio,r Crack Length,
No. kgf Q mim

0 0 0.99659 5.9852

1 575 1.00055 6.0034

2 0 0.99286 5.9680

3 615 1.00781 6.0363

4 0 1.00200 6.0100

5 635 1.01377 6.0629

6 0 1.00322 6.0155

7 0 0.99624 5.9836

8 695 1.01486 ' 6.0677

9 0 1.00009 6.0013

10 725 6.61591 fracture

The specimen was stressed with increasing force until fracture occurred (Fig. 36).
During the test, small cracks emanated from the root of the notch but crack growth was
negligible during the test. As the stress increased, a small increase in resistance
(reversible) occurred. We believe that sensitivity to crack growth will be improved when
current is introduced halfway along the width. Fracture of the specimen occurred
instantaneously at 725 kgf.
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Figure 36. Appearance of crack opening in nonirradiated cold-
worked Type 304 SS CT specimen (6.5 mm thick)
Jractured during calibration test of J-R apparatus

In the existing computer program, the calibration of resistance-vs.—crack length
assumes that current is introduced at the back of the specimen, and that conventional
specimen geometry is maintained. The CT specimens that were irradiated in the Halden
reactor contain several tapped holes that were intended for wire attachment.48 We
expect that these holes will alter, albeit slightly, the current distribution in the specimen.
The resistance-vs.—crack-length calibration must be established. Calibration will be
performed by successively increasing the crack length by electrical-discharge machining,
and resistance values will be obtained for each crack length. Alternatively, the specimen
can be fatigued to grow the crack, and the precise crack length will be determined by a
dye penetrant technique and postfracture examination.

5 Summary of Results

5.1 Fatigue of Ferritic Steels

¢  Fatigue tests have been conducted on A302-Gr B low-alloy steel to verify whether the
current predictions of modest decreases of fatigue life in simulated PWR water are
valid for high-sulfur heats that show environmentally enhanced fatigue CGRs in
precracked specimens. The results indicate only a marginal effect of PWR water on
fatigue life, i.e., life of A302-Gr B steel is lower by =23% in PWR water than in air at
strain rates in tension of 0.4 and 0.004 %/s. Thus, even high-sulfur steels suffer only
modest decreases of fatigue life in simulated PWR water.

* Fatigue tests were also conducted on A106-Gr B steel in high-DO water at 288°C and
a strain range of =0.75% with 5- or 30-min hold periods at peak tensile strain. The
results indicate that a tensile hold period decreases fatigue life in high-DO water but
not in air. A 5-min hold period is sufficient to reduce fatigue life.

5.2 EAC of Wrought and Cast SSs in Simulated BWR Water

. Fracture-mechanics CGR tests were conducted on 1T-CT specimens of Types 316NG
and 304 SS and as-received and thermally aged CF-3 cast SS to investigate threshold
stress intensity factors KnEAC for EAC in HP oxygenated water at 289°C. The results
were used to determine the dependence of KLhEAC and AK{hEAC on load ratio for
wrought and cast austenitic SS specimens.
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* Regimes were delineated where CGRs in water follow either the “air-line” in Section
XI of the ASME Code at Kpax and AK values below the threshold for EAC or ANL
model predictions in water at higher stress intensity factors. At Kmax values
<20 MPa-m!/2, where EAC in not significant, CGRs lie below ANL model predictions
in water by factors of =10 and 100 at load ratios of 0.6 and 0.95, respectively.

* Based on the present results, it may be more appropriate to utilize the air line in the
Code to assess crack growth of these steels in water at Kpax values below
~20 MPa-m!/2. The ANL CGR model for austenitic SSs in high-temperature water
will be revised to incorporate appropriate relations for the threshold stress intensity
for EAC.

¢  Metallographic evaluation of the specimens after the experiments indicated that the
mode of cracking in the wrought and cast specimens was transgranular at load ratios
<0.6, and that the crack path in the cast SS specimens traversed the austenite grains
in these tests, in contrast to previous tests at a load ratio of 0.95, in which the crack
path preferred the ferrite/austenite phase boundaries in the cast materials. As the
load ratio decreases from 0.95 to 0.6 and 0.2 at a Kmax > KinPAC, the CGRs increase
significantly, which indicates that the mechanical contribution to crack propagation
increases at the expense of the environmental factor.

5.3 Irradiation—Assisted SCC of Type 304 SS

e A quantitative analysis of trace amounts of fluorine was conducted by AES on
specimens from Type 304 and 348 SS BWR components. Fluorine contamination in
the steels was analyzed from a secondary Auger electron peak that is unique to
fluorine and does not overlap with Auger electron peaks of iron. Irradiated
specimens from Type 304 SS heats that were more susceptible to IGSCC contained a
higher level of fluorine than less susceptible heats. Fluorine content of sulfide
precipitates was higher than that in either carbide precipitates or the grain matrices,
indicating that fluorine is trapped by the former type of precipitates.

e The primary source of fluorine contamination in large BWR components, such as a
core shroud, is believed to be weld fumes that originate from fluorine-containing
weld flux (submerged arc and shielded metal arc). The primary source of fluorine
contamination in tubular components, such as neutron-absorber-rod tubes, is the
hydrofluoric acid-containing pickling solution that is used to clean these
components.

e  Susceptibilities of the HP and CP Type 304 SS materials from BWR components to
IASCC in SSRT tests could be best explained on the basis of combined role of fluorine
and grain-boundary depletion of chromium. The IASCC-resistant control blade
sheath fabricated from a commercial-purity heat of Type 304 SS was virtually free of
fluorine, and grain-boundary depletion of chromium in the heat was negligible. In
contrast, an IASCC-susceptible neutron-absorber-rod tube fabricated from an HP
heat of Type 304 SS contained a relatively high level of fluorine, and grain-boundary
depletion of chromium in the heat was significant.
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More than 30 SSRT specimens were prepared from HP and CP Type 304 SS BWR
neutron absorber tubes to test the effects of DO and water chemistry on
susceptibility to IASCC. Several tests were conducted at a DO concentration of
~8 ppm, and the results were compared with those obtained for a DO concentration
of =0.3 ppm.

A J-R test facility has been designed and assembled to measure fracture toughness of
the miniature CT specimens irradiated in the Halden Reactor. Initial tests were
conducted on nonirradiated cold-worked CT specimens of Type 304 SS. Good
agreement was obtained between actual crack length and crack length determined
from dc potential output obtained with an IBM-compatible PASCAL program.
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