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Environmentally Assisted Cracking in Light Water Reactors
Semiannual Report October 1994-March 1995

by

H. M. Chung O. K. Chopra. D. J. Gavenda. A. G. Hins.
T. F. Kassner, W. E. Ruther, W. J. Shack, and W. K. Soppet

Abstract

This report summarizes work performed by Argonne National Laboratory on fatigue and
i

| environmentally assisted cracking (EAC) in light water reactors (LWRs) from October 1994 to
| March 1995. Topics that have been investigated include (a) fatigue of carbon and low-alloy

steel used in reactor piping and pressure vessels, (b) EAC of Alloy 600 and 690, andj

I (c) Irradiation-assisted stress corrosion cracking (IASCC) of Type 304 SS. Fatigue tests were
conducted on ferritic steels in water with several dissolved-oxygen (DO) concentrations to
determine whether a slow strain rate applied during different portions of a tenstle-loading
cycle are equally effective in decreasing fatigue life. Tensile properties and microstructures of
several heats of Alloy 600 and 690 were characterized for correlation with EAC of the alloys in
simulated LWR environments. EiTects of DO and electrochemical potential on susceptibility to
intergranular cracking of high- and commercial-purity Type 304 SS specimens from control-I

blade absorber tubes and a control-blade sheath irradiated in boiling water reactors were
determined in slow-strain-rate-tensile tests at 289 C. Microchemical changes in the
specimens were studied by Auger electron spectroscopy and scanning electron microscopy to
determine whether trace impurity elements may contribute to IASCC of these materials.

I
|

|
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Executive Summary

Fatigue of Ferritic Piping and Pressure Vessel Steels

Plain carbon and low-alloy steels are used extensively in steam supply systems of
pressurized and boiling water nuclear reactors (PWRs and BWRs) as piping and pressure
vessel materials. Fatigue tests are being conducted on A106-Gr B carbon steel and A533-Gr B
and A302-Gr B low-alloy steels in water and in air at 288'C to establish the effects of material
and loading variables on fatigue life. The results indicate only a marginal efftet of low-
dissolved-oxygen (DO) PWR environment on fatigue life. Environmental effects on fatigue life
are significant when five conditions are satisfied simultaneously, viz., applied strain range is
above a minimum threshold level, strain rate <1%/s, temperature 2150 C, DO 20.05 ppm, and
sulfur content >0.003 wt.% in the steel. A slow strain rate applied during the tensile-loading
cycle is more effective in environmentally assisted reduction of fatigue life than when applied
during the compressive-loading cycle. During the present reporting period, several exploratory
tests were conducted in which a slow strain rate is applied during only a portion of the tensile-
loading cycle. The results indicate that a slow strain rate applied during each portion of the
tensile-loading cycle above the threshold strain is equally effective in decreasing fatigue life in
high-DO water. Fatigue tests were also conducted to establish the effects of room-
temperature water and of material orientation on the fatigue life of carbon and low-alloy steels.
The results indicate strong effects of orientation and also of strain rate. Structural factors
such as ferrite morphology and distribution are responsible for poor fatigue properties. The
experimental data are compared with estimates based on the statistical model.

Environmentally Assisted Cracking ofAlloys 600 and 690 in Simulated LWR Water

Characterization of several heats of Alloys 600 and 690 for corrosion-fatigue testing was
conducted. Tensile properties of cylindrical specimens in air at 25, 290, and 320 C were
determined in accordance with ASTM Standard E8. Vickers hardness was measured at room
temperature, and average grain size was determined by the procedure in ASTM Standard
El12. In general, the tensile properties at 25 C were consistent with those in certified I

material test reports (CMTRs) supplied by vendors and documentation obtained from the
Electric Pawer Research Institute Palo Alto, CA, who provided 1-in.-thick plates of many of

i

the heats. The dependence of yield stress of annealed Alloy 600 and 690 specimens on |

average grain size tends to follow a Petch relation, i.e., oy = o + k d-1/2, where oy s the yieldn i
stress, d the grain diameter, k an empirical constant, and on the ' friction" stress, which is a '

measure ofintrinsic resistance of the material to dislocation motion.

Metallographic specimens were prepared to determine qualitatively, by optical
metallography, the degree of grain-boundary carbide coverage. Specimens were polished to an
0.25- m diamond finish, and a Vickers hardness indentation was made to provide a reference
point for subsequent examination to reveal the carbide distribution and grain boundaries after
different chemical etching methods. The specimens were electroetched in a 10% H PO43
solution and photographed at 500X to reveal carbides present in the material. The specimens
were repolished and electroetched in a 5% nital solution and the specimens were
photographed at the same magnification and in the same location with the aid of the hardness
indentation to better reveal grain boundaries and thus obtain a qualitative estimate of the
extent of carbide precipitation thereon. Five heats of Alloy 600 exhibited either
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semicontinuous or continuous carbide precipitation at grain boundaries plus a significant
amount ofintragranular carbide. Four heats of Alloy 690 revealed continuous precipitation of
carbides at grain boundaries and relatively few intragranular carbides. According to published
information, precipitate phases in Alloy 600 and 690 are Cr-rich M C3 and M23 e carbidesC7
and TIN.

Fracture-mechanics crack growth rate tests are being conducted at 289 and 320 C on
compact-tension specimens of mill-annealed Alloy 600 and thermally treated Alloy 690 in
oxygenated water and in deaerated water containing D, Li, and dissolved H2 at low
concentrations.

Irradiation-Assisted Stress Cormston Cracking oJType 304 SS

The effect of water chemistry on susceptibility to IASCC of Type 304 SS was investigated
over a wide range of DO (-0.001 to u8 ppm) and ECP (-600 to +300 mV SHE). The objective
was twofold: (1) to better define the effects of water chemistry on susceptibility to intergranular
(1G) cracking in slow-strain-rate-tensile (SSiril tests of specimens fabricated from HP and CP
Type 304 SS BWR components, and thereby provide an independent confirmation of the
protection potential, and (2) to provide insight into the origin of significant heat-to-heat
variation in susceptibility to IASCC. Additional SSRT results were obtained and a correlation
of IGSCC susceptibility to grain-boundary microchemistry was made. Effects of DO in water
and ECP on susceptibility of CP Type 304 SS BWR neutron-absorber tubes to IASCC in SSRT
tests in simulated BWR water at 289 C were similar to those of CP-grades of Type 304 SS in
another investigation. Threshold values of DO and ECP to mitigate IASCC of CP-grade
materials were confirmed; namely, <0.01 ppm and <-140 mV SHE, respectively.

Susceptibility to IASCC in SSRT tests of HP specimens of Type 304 SS fabricated from
BWR components differed from that of CP materials. Namely, the susceptibility of HP heats
was less dependent on DO and ECP. ' nits can be explained best by the premise that at low DO
and ECP, where the concentration of Cr ions dissolved in water should be negligible, the
catalytic role of F in water promotes anodic dissolution of Fe at the crack tip. HP-grade
neutron-absorber tubes were considerably more susceptible to IASCC than CP tubes or a
control-blade sheath. Grain boundaries in HP materials were characterized by lower
concentrations of Cr, Ni, and Li and higher concentrations of F. V, and N than those of I

CP-grade materials, indicating that higher levels of Cr, Ni, and D and lower levels of F, V, and
N in these steels tend to suppress IASCC. Inclusions in the materials formed during the steel-
making process can play an indirect but important role by trapping detrimental and beneficial
impurities or by promoting crack initiation at surfaces in contact with water,

i
|
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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
austenttic stainless steel (SS) in emergency core cooling systems * and pressurizer surge line"
piping in pressurized water reactors (PWRs), intergranular stress corrosion cracking (IGSCC) of
austenttic SS piping in boiling water reactors (BWRs), and propagation of fatigue or stress
corrosion cracks (which initiate in sensitized SS cladding) it' 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,+ 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.1

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,+++ core plate,+++ and shroud.1 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 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 (O. K. Chopra, D. J. Gavenda, and W. J. Shack)

Plain carbon and low-alloy steels are used extensively in PWR and BWR steam supply
systems as piping and pressure-vessel materials. The ASME Boiler and Pressure Vessel Code
Section 111,2 Subsection NB, which contains rules for the construction of Class I components
for nuclear power plants, recognizes fatigue as a possible mode of failure in pressure vessel
steels and piping materials. Figure 1-90 of Appendix I to Section 111 of the ASME Code specifles
fatigue design curves for applicable structural materials. However, Section Ill, Subsection NB-
3121, of the Code states that environmental effects on fatigue resistance of the material are

'USNRC Information Bulletin No. 88-08. "Ihermal Stresses in Piping Connected to Reactor Coolant Systems."
June 1988; Supplement 1. June 1988: Supplement 2. August 1988; Supplement 3. April 1989.

"USNRC Information Bulletin No. 88-11, " Pressurizer Surge Line 'Ihermal Stratification." December 1988. I
'

'"USNRC Information Notice No. 90-29 * Cracking of Cladding in its licat-Affected Zone in the Base Metal of a
Reactor Vessel liead * April 1990.

'USNRC Information Notice No. 90-04. " Cracking of the Upper Shell-to-Transition Cone Girth Welds in Steam
Generators." January 1990.

"USNRC Information Notice No. 91-19. " Steam Generator Feedwater Distribution Piping Damage," March
1991: Notice No. 93-20. " Thermal Fatigue Cracking of Feedwater Piping to Steam Generators." March 1993.

+++USNRC Information Notice No. 95-17. " Reactor Vessel Top Guide and Core Plate Cracking." March 1995.
TUSNRC Information Notice No. 94-42. " Cracking in the Lower Region of the Core in Boiling-Water Reactors."

June 1994: Notice No. 93-79. " Core Shroud Cracking at Beltline Region Welds in Boiling-Water Reactors "
September 1993. i

1
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not explicitly addressed in the 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 Ill of the Code ;

are somewhat uncertain. ;

Recent fatigue strain vs. life (S-N) data from the U.S.3-17 and Japants-23 llustrate po-i
tentially significant effects of LWR envimn,nents on the fatigue resistance of carbon and low-
alloy steels. The results indicate only a marginal effect of low-dissolved-oxygen (DO) PWR
environment on fatigue life (fatigue life is lower by a factor of <2 than in air). Environmentr.1
effects on fatigue life are significant when five conditions are satisfled simultaneously, viz.,
applied strain range is above a minimum threshold level, strain rate <1%/s, temperature
2150 C, DO 20.05 ppm, and sulfur content in steel >0.003 wt.%. Under certain conditions of
loading and environment, fatigue lives in water can be a factor of 100 shorter than those in air.
Based on existing fatigue S-N data, we have developed interim fatigue design curves that take
into account temperature, DO concentration in water, sulfur level in steel, and strain rate.24
Statistical models have also been developed for estimating the effects of various material and
loading conditions on faugue life of materials used in the construction of nuclear power plant
components.25.26 Results of the statisucal analysis have been used to estimate the probability
of fatigue cracking in reactor components.

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 fatigue life, and validate and update the proposed
interim fatigue design curves. Fatigue tests are being conducted on carbon and low-alloy.
steels in air and water envimnments. During the present reporting period, several exploratory !

tests were conducted in which a slow strain rate is applied during only a portion of the tensile- ;
loading cycle to check whether each portion of the tensile cycle is equally effective in !

decreasing fatigue life in high-DO water. Fatigue tests were also conducted to establish the
effects of room-temperature water and of material orientation on fatigue life of carbon and low-
alloy steels. Results from these tests are presented and experimental data are compared with
estimates based on the statistical model.

2.1 Experimental
|

Low-cycle fatigue tests are being conducted on A106-Gr B and A333-Gr 6 carbon steel '

and A533-Gr B and A302-Gr B low-alloy steel with MTS closed-loop electrohydraulics
machines. The A106-Gr B material was obtained from a 508-mm-diam., schedule 140 pipe
fabricated by the Cameron Iron Works, Houston, TX. The A333-Gr 6 material was supplied by
the Ishikawajima-Harima Heavy Industries Co. (IHI) of Japan, it was obtained from a 436-
mm-diam. x 36-mm-wall pipe fabricated by Sumitomo Metal Industries, Ltd. 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.27.28 The
material showed increased crack growth rates (CGRs) in simulated PWR water at 243 C. The
chemical compositions and heat treatments of the materials are given in Table 1, and the
average room-temperature tensile properties are given in Table 2. The microstructure of
carbon steels consists of pearlite and ferrite, whereas the low-alloy steels contain tempered
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bainite plus ferrite. The morphology of sulfides along three orientations, e.g., rolling (R),
transverse (T), and radial (T2) directions,t for A302-Gr B low-alloy steel differ significantly.14

*Table 1. Chemical composition (wt.%) offerritic steelsforfatigue tests

Chemical Composition

Material Source C P S St Cr Ni Mn Mo

Carbon Steel

A106-Ba ANL 0.29 0.013 0.015 0.25 0.19 0.09 0.88 0.05
Supplier 0.29 0.016 0.015 0.24 - - 0.93 -

A106-B Terrell 0.26 0.008 0.020 0.28 0.015 0.002 0.92 0.003

A333-6 liiguchi 0.20 0.020 0.015 0.31 - - 0.93 -

A333-6b EFD 0.21 0.016 0.012 0.31 - - 1.14 -

tow-Alloy Steel

A533-Bc ANL 0.22 0.010 0.012 0.19 0.18 0.51 1.30 0.48
Supplier 0.20 0.014 0.016 0.17 0.19 0.50 1.28 0.47

A533-D JNUFAD 0.19 0.020 0.010 0.27 0.13 0.60 1.45 0.52

A302-Bd lietus 0.19 0.015 0.027 0.21 - - 1.17 0.48
Supplier 0.21 0.021 0.027 0.22 0.14 0.23 1.34 0.51

a508-mm O.D. schedule 140 pipe fabricated by Cameron Iron Works. Ileat J-7201.
Actual heat treatment not known.

b436-mm O.D. 36-mm wall pipe fabricated by Sumitomo Metal Industries. Ltd.
Austenitized at 900*C for 1/2 h and air cooled.

c162-mm-thick hot-pressed plate from Midland reactor lower head. Austenitized at 871-
899*C for 5.5 h and brine quenched and then tempered at 649-663*C for 5.5 h and
brine quenched. The plate was machined to a final thickness of 127 mm. '!he I.D.
surface was inlaid with 4.8-mm weld cladding and stress relieved at 607*C for 23.8 h.

d 102-mm thick plate. Austenttized at 899-927*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 (6 cycles).

Table 2. Average room-temperature tensile properties of the steels

Yield Ultimate Reduction
Stress Stress Elongation in Area

Material Referencea (MPa) (MPa) (%) (%)

Carbon Steel

A106-B ANL 301 572 23.5 44.0
A106-B Terrell (7.8) 300 523 36.3 66.3
A333-6 111guchl (18) 302 489 41.0 80.0
A333-6 liiguchi (21) 383 549 35 0 -

Low-Allov Steel
A533-D ANL 431 602 27.8 66.6
A533-D JNUFAD 488 630 27.7 65.2

A302-D Bettis (29) 389 552 - -

aReference number given within parentheses.

Smooth cylindrical specimens with 9.5-mm diameter and 19-mm gage length were used
for the fatigue tests. The A302-Gr B specimens were machined from a composite bar
fabricated by electron-bt.am welding two 19.8-mm diameter,137-mm long bars of A533-Gr B

iThe three orientations are represented by the direction that is perpendicular to the fracture planc. Both
transverse and radial directions are perpendicular to the rolling direction but the fracture plane is across
the thickness of the plate in transverse orientation and parallel to the plate surface in radial orientation. *
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steel on each side of a 18.8-mm diameter,56-mm long section of A302-Gr B steel. Thus, the
gauge length and shoulders of the specimen were A302-Gr B and the grip region was A533-
Gr D steel. After welding, the composite bars were stress relieved at 650 C for 6 h. The gage
length of all specimens was given a 1- m surface finish in the axial direction to prevent
circumferential scratches that might act as sites for crack initiation. Unless stated otherwise,
all tests were conducted at 288 C with fully reversed axial loading (i.e., strain ratio R = -1) and
a triangular or sawtooth waveform. The strain rate for the triangular wave and fast-loading
half of the sawtooth wave was 0.4%/s.

A small autoclave with an annular volume of 12 mL was used for fatigue tests in water.
Descriptions of the test facility and procedure are given in Ref.12. 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 displacement 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; the stroke is gradually
increased during the test to account for cyclic hardening of the material and to maintain
constant strain in the specimen gage section. Accuracy of the procedure was checked with
stroke-controlled tests in air where strain in the gage section of the specimen was monitored.

Figure I shows the loading strain that is actually applied to the specimen gage section
(solid line) during a stroke-controlled tests with a sawtooth waveform (dashed line). During
the cycle, the fraction of applied displacement that goes to the specimen gage section is not
constant but varies with the loading strain. Consequently, the loading rate also varies during
the fatigue cycle; it is lower than the applied strain rate at strain levels below the elastic limit
and higher at larger strains.
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2.2 Air Environment

Fatigue results on A106-Gr B and A533-Gr B steels in air and water environments at
288*C were presented in Ref.15 and are summarized in Tables 3 and 4. Fatigue S-N curves
for the two steels in air are shown in Fig. 2. Fatigue life is dermed as the number of cycles N25
for tensile stress to drop 25% from its peak value; this corresponds to a =3-mm deep crack in
the test specimen. Results from other investigations 718 on similar steels with comparable
composition and the ASME Section 111 mean-data curve at room temperature are also included

i

'in the figures.
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Table 3. Fatigue test resultsfor A106-Gr B carbort steel at 288*C

Dissolved Conduct!- Tensile Comp. Stress Strain IJfe
b N5Test Environ Oxygen pH vity Rate Rate Range Range 2

Number -menta (ppb) at RT (gS/cm) (%/s) (%/s) (MPa) (%) (Cycles)

1498 Air - - - 0.4 0.4 1001.4 1.004 1,048

1546 Air - - - 0.4 0.4 975.7 0.916 1.365
1553 Air - - -- 0.4 0.4 921.1 0.757 3,253

1554 Air - - - 0.4 0.4 896.8 0.730 3,753

1674C Air - - - 0.4 0.4 1003.6 0.764 6,275

1686c Air - - - 0.4 0.4 1017.2 0.804 2,592

1731 Air - - - 0.4 0.004 1005.5 0.758 3.485
1615 Air - - - 0.04 0.4 959.8 0.755 3,873

1609 Air - - - 0.004 0.4 1026.0 0.756 3,721

1612 Air - - - 0.004 0.4 1008.2 0.779 3,424

1673 Air - - - 0.004 0.4 1003.6 0.759 6,275

1548 Air - - - 0.4 0.4 831.9 0.545 10,632

0.4 0.4 818.2 0.502 14.5251543 Air - - -

1619 Air - - - 0.4 0.4 741.7 0.401 37,142

1636d Air - - - 0.4 0.4 749.6 0.402 34,829

1621 Air - - - 0.01 0.4 787.1 0.403 38,128

1638e Air - - - 0.4 0.4 800.0 0.436 26,728

1550 Air - - - 0.4 0.4 681.7 0.353 66,768
1552 Air - - - 0.4 0.4 680.6 0.352 93.322
1555 Air - - - 0.4 0.4 676.3 0.343 98.456
1644 Air - - - 0.004 0.4 702.0 0.364 >94,657

1738f DI 1 6.5 0.09 0.004 0.4 976.2 0.777 1,350

1744f DI <1 6.5 0.08 0.4 0.4 760.5 0.414 19.860

1547 PWR 8 6.7 23.26 0.4 0.4 1010.9 0.987 692
1564 PWR 12 6.6 21.74 0.4 0.4 942.0 0.769 1,525

1676 PWR 2 6.5 20.83 0.4 0.4 926.7 0.741 2.230
1679 PWR 3 6.5 20.41 0.004 0.4 1005.8 0.763 2,141

1681 PWR 1 6.5 20.00 0.0004 0.4 1015.7 0.764 2.672
1549 PWR 8 6.7 25.64 0.4 0.4 827.0 0.533 9.396
1560 PWR 12 6.6 23.73 0.4 0.4 701.3 0.363 35,190

1556 PWR 8 6.6 22.73 0.4 0.4 710.9 0.360 38,632

1632 HIDO 800 5.8 0.11 0.4 0.4 913.3 0.740 2.077
1705 HiDO 650 5.9 0.15 0.4 0.4 947.9 0.767 1,756

1680c HiDO 700 6.0 0.08 0.4 0.4 999.6 0.818 1,007

1690c HiDO 700 6.0 0.08 0.4 0.4 1002.2 0.824 1,092

16872 HiDO 700 6.0 0.10 0.4 0.4 1020.0 0.809 840

1757 HiDO 670 5.9 0.07 0.4 0.004 942.2 0.742 1,195

1693 HiDO 650 6.0 0.10 0.04 0.4 920.0 0.737 1,125

1614 I11 DO 400 5.9 0.11 0.004 0.4 930.4 0.786 303
1682 HiDO 700 6.0 0.09 0.004 0.4 921.1 0.746 469
1623 Hi DO 800 5.9 0.08 0.004 0.004 943.8 0.792 338
1616 HiDO 800 5.8 0.08 0.0004 0.4 912.8 0.799 153

1620 HiDO 900 5.9 0. I 1 0.00004 0.004 943.1 0.794 161

1706 HiDO 600 5.9 0.07 0.4 0.4 825.2 0.528 7,858

1634 HiDO 800 5.8 0.16 0.4 0.4 733.2 0.400 19.318

1637e HiDO 900 5.9 0.11 0.4 0.4 788.3 0.470 16.622

1624 HiDO 800 5.9 0.10 0.004 0.4 775.7 0.456 2.276
1639 HiDO 800 5.9 0.09 0.004 0.4 751.6 0.418 2.951
1643 Hi DO 800 6.0 0.11 0.004 0.4 698.5 0.363 >65.000

#DI = Deionized water and PWR = simulated PWR water with 2 ppm lithium and 1000 ppm boron.
b epresent DO levels in effluent water. DO levels in supply water were 150-350 ppb higher,R
CTested with 5-min hold period at peak tensile strain.
dSpecimen preoxidized at 288*C in water with 600 ppb DO for 100 h.
ePrior to the test, specimen was fatigued for 570 cycles in high-DO water with sawtooth waveform.
fPrior to being tested in low-DO water, specimen preoxidized in water with 600 ppb DO for 30 h.
RTested with 30-min nold period at peak tensile strain.
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Table 4. Fatigue test resultsfor A533-Gr B lounxiloy steel at 288 C
Dissolved Conducu- Tensile Comp. Stress Strain IJfe

Test Environ Oxygenb pH vity Rate Rate Range Range N25
Number -menta (ppb) at RT (gS/cm) (%/s) (%/s) (MPa) (%) (Cycles)
1508 Air - - - 0.4 0.4 910.9 1.002 3,305
1524 Air - - - 0.4 0.4 892.3 0.950 3,714
1523 Air - - - 0.4 0.4 898.6 0.917 2,206
1521 Air - - - 0.4 0.4 889.4 0.910 3,219
1522 Air - - - 0.4 0.4 905.4 0.899 3,398
1515 Air - - - 0.4 0.4 866.1 0.752 6,792
1749C Air - - - 0.4 0.4 6,372
1717 Air - - - 0.4 0.004 884.6 0.758 6,217
1625 Air - - - 0.004 0.4 887.7 0.757 4.592
1629d Air - - - 0.4 0.4 782.9 0.503 31,243

1590 Air - - - 0.4 0.004 821.1 0.503 24,471
1576 Air - - - 0.004 0.4 805.8 0.503 28,129
1505 Air - - - 0.4 0.4 767.6 0.501 31,200
1525 Air - - - 0.4 0.4 743.6 0.452 65.758
1640 Air - - - 0.4 0.4 710.9 0.402 65,880
1538 Air - - - 0.4 0.4 708.0 0.387 > 1,000,000
1517 Air - - - 0.4 0.4 692.5 0.353 2,053,295
1659 Air - - - 0.004 0.4 656.2 0.343 >l 14,294
1526 DI - - - 0.4 0.4 876.4 0.873 3,332
1527 DI - 6.0 - 0.4 0.4 752.8 0.493 10,292
1528 DI 5 5.8 - 0.4 0.4 744.1 0.488 25,815
1743e DI <1 6.5 0.08 0.4 0.4 712.6 0.386 84,700
1530 PWR 3 6.9 41.67 0.4 0.4 885.5 0.894 1,355
1545 PWR 8 6.9 22.73 0.4 0.4 889.7 0.886 3,273
1533 PWR 4 6.9 45.45 0.004 0.4 916.0 0.774 3,416
1529 PWR 3 6.9 45.45 0.4 0.4 743.4 0.484 31,676
1605 PWR 9 6.5 23.81 0.4 0.004 785.2 0.460 >57,443
1588 PWR 6 6.5 23.26 0.004 0.4 828.7 0.514 15,321
1539 PWR 6 6.8 38.46 0.4 0.4 690.9 0.373 136,570
1542 PWR 6 6.6 27.03 0.4 0.4 631.8 0.354 > 1,154.892
1645 HiDO 800 6.1 0.07 0.4 0.4 831.1 0.721 2,736
1768 Hi DO 600 6.0 0.07 0.4 0.004 907.3 0.755 1,350
1626 HiDO 900 5.9 0.13 0.004 0.4 910.1 0.788 247
1715 Hi DO 600 5.9 0.08 0.004 0.4 904.1 0.813 381
1711 HlDO 630 5.8 0.31 0.4 0.4 772.1 0.542 5,850
1707 HiDO 650 5.9 0.08 0.4 0.004 803.0 0.488 3,942
1709 HiDO 650 5.9 0.11 0.4 0.004 805.1 0.501 3.510
1627 HiDO 800 5.9 0.10 0.004 0.4 826.8 0.534 769
1641 HiDO 800 5.9 0.09 0.4 0.4 693.0 0.385 17,367
1665 HiDO 800 6.1 0.08 0.004 0.4 717.0 0.376 3,455
1666 HiDO 750 6.1 0.09 0.0004 0.4 729.6 0.376 >7,380
1647 HiDO 800 6.1 0.09 0.4 0.4 688.0 0.380 26,165
1660 HiDO 750 0.1 0.11 0.004 0.4 689.6 0.360 >83,024
1649 HiDO 700 6.3 0.08 0.4 0.4 673.4 0.352 28,710
1652 HiDO 700 0.1 0.09 0.4 0.4 638.1 0.328 56,923
1655 HiDO 750 6.1 0.10 0.4 0.4 567.6 0.289 > 1,673,954

"Di = Delonized water and PWR = simulated PWR water containing 2 ppm lithium and 1000 ppm
boron.

bRepresent DO levels in effluent water. DO levels in supply water were 150-350 ppb higher,
CTested with 5-min hold period at peak tensile strain.
dSpecimen preoxidized in water with 600 ppb DO for 100 h at 288'C.
" Specimen preoxidized in water with 600 ppb DO for 30 h at 288'C.

The results indicate that fatigue life oflow-alloy steels is greater than that of carbon steel.
Strain rate has little or no effect on fatigue life of both A106-Gr B and A533-Gr B steels in air,
The data for A106-Gr B steel are in good agreement with results obtained by Terrell7 on A106-
Gr B steel, but are lower by a factor of =5 than those obtained by Higuchi and Ilda18 on A333-
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Gr 6 steel. Also, the data for A106-Gr B steel are below the ASME mean curve for carbon steel i

|at high strain ranges (by a factor of 3). 'Ihe results for A533-Gr B steel show good agreement
with the ASME mean-data curve for low-alloy steel at room temperature and JNUFAD* data i

on A533-Gr B steel.
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Rgure 2. Total strain range vs. fatigue li e datafor A106-Gr B carbon steel and A533-Gr Bf
low-alloy steel in air

Statistical models have been developed at ANL to estimate fatigue lives of carbon and low-
alloy steels in air and LWR environments.26.27 The fatigue life N25 of carbon steels is
expressed as

in(N25) = (6.570 - 0.384 Iw) - 1.871 In(c - 0.11)a
- 0.00133 T (1 -Iw) + 0.554 S* f O* t*, (1)

and that oflow-alloy steels as

in(N25) = (6.667 - 0.766 Iw) - 1.687 in(Ca - 0.15)
- 0.00133 T (1 -Iw) + 0.554 S* f O* t*, (2)

where

Ea = the applied strain amplitude in %,
T = the test temperature in *C,

Iw = 1 for water and 0 for air environment, and

S*, f, O*, and t* = transformed sulfur content, temperature, DO, and strain rate,
respectively, defined as follows:

S* = S (0 < S s 0.015 wt.%)
S* = 0.01 (S >0.015 wt.%) (3a)

T=0 (T <l50 C)
T = T - 150 (T = 150-350 C) (3b)

O* = 0 (DO <0.05 ppm)
O' = DO (0.05 ppm sDO 50.5 ppm)
O' = 0.5 (DO >0.5 ppm) (3c)

t' = 0 (5 >l %/s)
t' = In(i) (0.001 st 51 %/s) ;

l' = In(0.001) (t <0.001 %/s) (3d) l

* Private communication from M. Higuchi. Ishikawajima-Harima Heavy Industries Co.. Japan, to M. Prager of
the Pressure Vessel Research Council.1992.
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The fatigue lives of carbon and low-alloy steels in air at 288 C (Fig. 3) are compared with
values estimated from Eqs. I and 2. Predicted fatigue lives show good agreement with the
experimental results. The statistical model was based on 23 heats of carbon and low-alloy
steels. The results indicate that A533- Gr B steel exhibits an average behavior, whereas the
fat gue S-N curve for A106-Gr B steel is slightly lower than the average for carbon steels.
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2.3 LWR Environments

The fatigue data in LWR environments indicate only a marginal effect of low-DO PWR
water on fatigue life of carbon and low-alloy steels. Fatigue lives of both steels in PWR water
are lower than those in air by a factor of <2. A decrease in strain rate by three orders of
magnitude does not cause an additional decrease in fatigue life of A106-Gr B and A533-Gr B
steels. The results for A106-Gr B steel are consistent with data obtained by Terrell8 9 in
simulated PWR water where little or no efTect of strain rate or environment on fatigue life was
observed.

Environmental effects on fatigue life are significant at high DO levels, e.g.,0.5-0.8 ppm.
Although the microstructures and cyclic-hardening behavior of A106-Gr B carbon steel and
A533-Gr B low-alloy steel are differ significantly, there is little or no difference in
environmental degradation of fatigue life of these stects. A minimum strain is required for
environmentally assisted decrease in fatigue life. For the loading conditions in the present
study, this threshold strain range appears to be -0.36% for the heats of carbon and low-alloy
steels investigated. 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. The
results also indicate that a slow strain rate applied during the tensile-loading cycle is more
effective in environmentally assisted reduction in fatigue life than when applied during the
compressive-loading cycle. A slow strain rate applied during both the compressive- and the
tensile-loading cycles does not cause further decrease in fatigue life.

The experimental values of fatigue life of A106-Gr B carbon steel and A533-Gr B low-alloy
steelin PWR and high-DO water at 288 C and those predicted from Eqs. I and 2 are plotted in
Figs. 4 and 5, respectively. For the various material, loading, and environmental conditions,
the predicted fatigue lives are in good agreement with the experimental results.
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Agure 5. Fatigue S-N behaviorfor A106-Gr B and A533-Gr B steels estimatedfrom the
model and detennined experimentally in high-DO water at 288*C

2.4 Room-Temperature Water

Fatigue tests were conducted on A106-Gr B and A533-Gr B steels in air and water
environments at room temperature to study the possible effect of test temperature. The

'

results are listed in Table 5: the fatigue S-N plots are shown in Fig. 6. At room temperature,
life in water is 30-50% lower than in air. Estimates based on Eqs. I and 2 are also shown in
Fig. 6; the results show good agreement with the expedmental data.

The cyclic-hardening behaviors of the steels are significantly different at room
temperature than at 288'C. Plots of cyclic stress range vs. fatigue cycles for A106-Gr B and
A535-Gr B steels tested in air at room temperature and 288 C, =0.75% strain range, and4

0.4%/s strain rate, are shown in Fig. 7. 'Ihe steels show little or no cyclic hardening at room
temperature. In fact, the low-alloy steel exhibits cyclic softening. For both steels, the cyclic
stress at halflife is significantly lower at room temperature than at 288'C.
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Table 5. Fatigue test resultsfor A106-GrB and A533-GrB steels in air and water
environments at ioom temperature

Dissolved Conduct- Tensile Comp. Stress Strain Life
a pH ivity Rate Rate Range Range N25Test Environ- Oxygen

Number ment (ppb) at Kl' (pS/cm) (%/s) (%/s) (MPa) (%) (Cycles)
A106-Gr B Steel
1700 Air - - - 0.4 0.4 715.2 0.756 6,574
1766 Air - - - 0.4 0.4 719.7 0.757 7,120
1770 Air - - - 0.4 0.4 608.5 0.403 37,379

1699 HiDO 850 6.0 0.07 0.4 0.4 728.7 0.746 4,794

1772 HiDO 750 6.2 0.07 0.4 0.4 618.7 0.399 23.300
A533-Gr B Steel
1727 Air - - - 0.4 0.4 766.7 0.758 9.145
1729 Air - - - 0.4 0.4 677.5 0.405 77,759
1759 HiDO 610 6.1 0.07 0.4 0.4 774.7 0.753 6,250

1761 HiDO 770 6.1 0.08 0.4 0.4 694.5 0.399 46.500
aRepresent DO levels in efDuent water. DO levels in supply water were 150-350 ppb higher.
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Figure 6. Experimental and predictedfatigue lives of A106-Gr B and A533-Gr B steels in
air and water environments at room temperature
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Table 6. Fatigue test resultsfor A302-Gr B low-alloy steel at 288*C
Dissolved Conduct- Tensile Comp. Stress Strain Life

b N5Test Environ- Oxygen pH ivity Rate Rate Range Range 2
Number menta (ppb) at RT (pS/cm) (%/s) (%/s) (MPa) (%) (Cycles)

1697 (R) Air - - - 0.4 0.4 944.5 0.756 8.070
1701 (R) Air - - - 0.004 0.4 1021.4 0.757 4.936
1712 (R) Air - - - 0.0004c O.4 1041.9 0.759 5,350

1789 (R) Air - - - 0.4 0.4 859.5 0.505 46.405
1783 (R) Air - - - 0.4 0.4 796.1 0.408 > 1,050,000

1780 0'2) Air - - - 0.4 0.4 908.6 0.756 1,598

a 1781 fr2) Air - - - 0.004 0.4 952.4 0.755 375
d ,T 1782 fr2) Air - - - 0.4 0.4 752.8 0.404 33.650
4 1787 0"2) Air - - - 0.4 0.4 667.5 0.342 431,150

' . 49hw
1702 (R) PWR 3 6.5 20.00 0.4 0.4 921.2 0.735 6.212.. .

1704 (R) PWR 3 6.5 19.23 0.004 0.4 1022.6 0.745 3.860
1716 (R) PWR 5 6.5 19.23 0.0004c 0.4 1042.3 0.739 3,718

1777fr) PWR 1 6.4 19.23 0.4 0.4 913.8 0.765 4.366
1775 (T) PWR 1 6.5 19.42 0.004 0.4 995.6 0.750 1.458

1776 fr2) PWR 1 6.4 18.40 0.4 0.4 887.1 0.765 1,244

1774 fr2) PWR 2 6.4 19.42 0.004 0.4 949.7 0.758 348

1788 (R) HiDO 650 5.9 0.10 0.004 0.4 957.0 0.754 317

1784 (P2) HiDO 510 6.0 0.07 0.004 0.4 937.6 0.783 111

asimulated PWR water contains 2 ppm lithium and 1000 ppm Imron.
bRepresent DO levels in effluent water. DO levels in supply water were 150-350 ppb higher.
cSlow strain rate applied only during 1/8 cycle near peak tensile strain.

2.5 Material Orientation

Fatigue tests were conducted on A302-Gr B low-alloy steel in air and water to study the
effects of orientation and strain rate on fatigue life of the steel and to verify whether current
predictions of modest decreases of fatigue life in simulated PWR water are valid for high-sulfur
heats that show enhanced CGRs in precracked specimens. Fatigue data for specimens in the
rolling (R), transverse (T), and radial (U) orientations are summarized in Table 6.

The results indicate strong effects of orientation, and also of strain rate. Note that the !
efTect of strain rate was not observed for A106-Gr B carbon steel or A533-Gr B low-alloy steel. |

The material shows very poor fatigue properties in the transverse orientation: especially the
'

orientation T2. Fatigue lives of A302-Gr B specimens oriented along the rolling (R) and radial
(T2) directions are shown in Fig. 8. The endurance limit in the T2 orientation is lower than |

% that in the R orientation. Also, fatigue life in the T2 orientation is nearly an order of |
Imagnitude lower than in the R orientation.

i ,
Fatigue lives for specimens with R and W orientations are compared with the fatigue S-N4

' data for A533-Gr B steel in air and simulated PWR environments in Fig. 9. In both air and**

PWR environments, the fatigue lives for A302-Gr B steel in the rolling direction are in good
agreement with data for A533-Gr B steel. The results indicate only a marginal effect of PV/R
water on fatigue life of A302-Gr B steel in either the R or T2 orientation. Fatigue life in PWR
water is at most a factor of 1.3 lower than that in air. In PWP water, the elTects of orientation
and strain rate are similar to those in air. Relative to the it ottentation, fatigue life of the steel
in the T2 orientation is lower by factors of =5 and 12 at strain rates of 0.4 and 0.004%/s,
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respectively. Both in air and in PWR water, fatigue life decreases by at most a factor of ~4 i

when strain rate decreases from 0.4 to 0.004%/s. The data suggest that even very-high-
sulfur steels suffer only modest decreases of fatigue life in simulated PWR water.

In Fig.10, the fatigue lives of A302-Gr B steel in high-DO water at 288 C are compared
with data for A533-Gr B steel . The results indicate that the relative decrease in fatigue life in
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high-DO water is not the same for all orientations. The decrease is small for steels with poor
fatigue life in air (e.g., T2 orientation) and is large for steels that show good resistance to
fatigue cracking in air (e.g., R orientation). While environmental effects on fatigue life are
usually characterized in terms of a relative value compared to life in air, it appears that effects
do saturate. The various heats of carbon and low-alloy steels listed in Table 1 (with 0.012-
0.015 wt.% sulfur) all have a fatigue life of-350 cycles in water with >0.5 ppm DO at 288 C, a
strain range of =0.75%, and a strain rate (in tension) of 0.004 %/s. However, decreases in life
in water relative to those in air are =11 for A106-Gr B, =20 for A533-Gr B, -14 for A302-Gr B
in the R orientation, and =2 for A302-Gr B in the T2 orientation.
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Rgure 10. Total strain range vs. fatigue life datafor A302-Gr B and A533-Gr B low-alloy
steels in high-DO water at 288*C

Metallographic examination of the specimens indicates that structural factors are
responsible for poor fatigue properties of transverse orientations. The fracture surface and
longitudinal section of a A302-Gr B specimen in the T2 orientation tested in PWR water at
288*C, =0.75% strain range, and slow / fast waveform are shown in Fig. I1. The longitudinal
section of the specimen shows an abundance of cracks that connect the sulfide stringers.
These cracks are present through out the specimen away from the fracture surface. A fatigue
crack propagates preferentially along these sulfide stringers; the fracture surface contains
several fractured sulflde stringers.

2.6 Loading Waveform

Several exploratory tests were conducted on A106-Gr B and A533-Gr B steels in which a i
I

slow strain rate is applied during only a portion of the tensile-loading cycle to check whether
each portion of the tensile cycle is equally effective in decreasing fatigue life in high-DO water.
The results are presented in Table 7. The loading waveforms and corresponding fatigue lives
for tests on AlO6.-Gr B steel at =0.75% strain range are summarized in Fig.12. The change in
fatigue life of A106-Gr B and A533-Gr B steels with fraction of loading strain at olow strain
rate is plotted in Fig.13; results from tests conducted at IH1 on the ANL heat of A106-Gr B
steel are also included in the flgure. Results are shown for slow portions applied near peak
tensile strain (open symbols) or near peak compressive strain (closed symbols). In stroke-
controlled tests, the fraction ofloading strain that is actually applied to the specimen gage
section is not constant but varies during the cycle. Consequently, for waveforms E and F,
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| Figure 11. SEhi photornicrograph offracture surface (A) and longitudinal section (B)
i of A302-Gr B steel specimen in T2 orientation tested in PWR water at
! 288*C, ~0.75% strain range, and slow / fast waveform
1

| although 0.5 of the applied displacement is at a slow rate, the fractions of strain at slow rate
| in the specimen gage section are 0.666 and 0.334, respectively. The fraction ofloading strain
{ that is actually at a slow rate for the various waveforms is given in Table 7 and Fig.12.

! The results to date indicate that a slow strain rate applied during each portion of the j
loading cycle above the threshold strain is equally effective in decreasing fatigue life.15-17 At
288 C and a strain range of =0.75%, the average fatigue life of A106-Gr B steel in air is -4000
cycles. Relative to air, the fatigue lives in simulated PWR water at all strain rates or in high- j
DO water at high strain rates (i.e. fast / fast tests) are lower by =50%. If each portion of the '

tenstle-loading cycle was equally effective in reducing fatigue life, the life should decrease j
linearly from A to C along the chain-dot line in Fig.13 and a slow strain rate near peak
compressive strain (waveforms F. II, or K) should be as equally damaging as a slow strain rate
near peak tensile strain (waveforms E, G, or 11). The results show that a slow strain rate near
peak compressive strain causes little or no reduction in fatigue life.
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Table 7. Results ofexploratoryfatigue tests in which a slow strain rate is applied
during only a portion of tensile-loading cycle

Dissolved Conduct- Fraction of Stress Strain Life
Test Envimn- Oxygen * pH ivity Wave- strain at Range Range N25

Number ment (ppb) at RT (pS/cm) formb slow rate (MPa) (%) (Cycles)
AlOG-Gr B Steel
1760 Air - - - C 0.75 1042.8 0.756 3.893
1762 Air - - - D 0.75 1027.5 0.758 4,356

1667 Air - - - E 0.50 999.2 0.758 5.261
1668 Air - - - G 0.25 998.5 0.758 5,139

1695 Air - - - 1 0.25 993.4 0.756 5,240

1722 Air - - - H 0.25 955.8 0.758 4,087

1734 Air - - - J 0.125 970.0 o.757 4,122

1737 Air - - - K 0.125 963.7 0.757 4.105
1763 Hi DO 620 5.9 0.07 C 0.830 974.9 0.848 340
1765 HiDO 590 6.0 0.07 D O.650 977.3 0.806 615
1677 HiDO 800 6.0 0.11 E 0.666 926.5 0.762 545
1684 Hi DO 700 6.0 0.09 F 0.334 964.0 0.762 1,935
1753 HiDO 670 5.9 0.07 F 0.334 982.6 o.777 1,831
1678 HiDO 700 5.9 0.14 G 0.347 944.4 0.780 615
1703 Hi DO 650 5.9 0.13 G 0.347 942.4 0.760 553
1692b HiDO 700 6.0 0.10 G 0.347 936.4 0.764 261
1728 Hi DO 700 5.9 0.07 H 0.167 969.3 0.740 1,649
1732 Hi DO 600 5.9 0.08 H 0.167 954.5 0.734 2,080

1698 Hi DO 600 6.1 0.08 1 0.319 909.1 0.756 1,306

1741 HiDO 600 6.0 0.09 J 0.170 896.8 0.785 888
1742 HiDO 520 6.0 0.09 K 0.084 948.0 0.783 2,093

A533-Gr B Steel
1708 Air - - - E 0.50 898.2 0.754 5,355 i

11710 Air - - - G 0.25 885.6 0.753 3.630
1767 Air - - - 1 0.25 886.3 0.752 7,502

1713 HiDO 670 5.9 0.07 E 0.666 890.8 0.761 426
1714 HiDO 570 5.9 0.08 G 0.347 886.1 0.748 578
1769 Hi DO 630 6.0 0.07 1 0.319 877.2 0.729 976

aRepresent DO levels in effluent water. DO levels in supply water were 150-350 ppb higher.
bA slow strain rate of 0.0004%/s was used for this test.

The results to date indicate that a slow strain rate applied during each portion of the
loading cycle above the threshold strain is equally effective in decreasing fatigue life.15-17 At
288*C and a strain range of =0.75%, the average fatigue life of A106-Gr B steel in air is -4000
cycles, Relative to air, the fatigue lives in simulated PWR water at all atrain rates or in high-
DO water at high strain rates (i.e., fast / fast tests) are lower by =50%. If each portion of the
tensile-loading cycle is equally effective in reducing fatigue life, the life should decrease
linearly from A to C along the chain-dot line in Fig.13 and a slow strain rate near peak
compressive strain (waveforms F. H, or K) should be as equally damaging as a slow strain rate
near peak tensile strain (waveforms E, G, or H). The results show that a slow strain rate near
peak compressive strain causes little or no reduction in fatigue life.

As discussed in Section 2.2, the results of the present study indicate that a minimum
strain is required for environmentally assisted decrease in fatigue life. This threshold strain
may vary with material and loading conditions such as steel type, temperature, DO, strain
ratio, mean stress, etc. For the present study, the threshold strain may vary with material
and loading conditions such as steel type, temperature, DO, strain ratio, mean stress, etc. For
the present study, the threshold strain range for both A106-Gr B carbon steel and A533-Gr B
low-alloy steel is =0.36%. If each portion of the loading cycle above the threshold strain is
equally damaging, the decrease in fatigue life should follow line ABC when a slow rate is
applied near peak tensile strain and line ADC when it is applied near
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Figure 12. Fatigue life of A106-Gr B carbon steel at 288*C and 0.75% strain ;

range in air and water under diferent loading u aveforms

peak compressive strain. The results are in agreement with this behavior i.e.e a slow straine

rate applied during each portion of the loading cycle above the threshold strain is equally
effective in decreasing fatigue life. Tests on A533-Gr B steel also exhibit a similar trend.

This behavior is consistent with the slip-dissolution model for crack propagation;29
applied strain must exceed a threshold value to rupture the passive surface film in order for
environmental effects to occur. This does not mean that the observed threshold strain is the
actual film rupture strain. Film rupture occurs at the crack tip and is controlled by crack tip
strain. The threshold strain measured in smooth-specimen tests is a surrogate that in
essence controls crack tip straine but no numerical equality between the two need be implied.

|
|
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Agure 13. Fatigue life ofA106-Gr B and A533-Gr B steels tested with loading waveforms
where slow strain rate is applied during afraction of tensile loading cycle

However, results from studies at the IHI Co. of Japan * indicate that all portions of the
tensile loading cycle are equally damaging, even the portion of the loading cycle that has only
clastic strain. Consequently, fatigue tests have been conducted on an IHI heat of A333-Gr 6
steel to validate the ANL results. The chemical composition of the steel is given in Table 1.
The results of exploratory tests on A333-Gr 6 steel are summarized in Table 8. The loading
waveforms and corresponding fatigue lives for tests at =0.80% strain range are shown in
Fig.14. The change in fatigue life of A333-Gr 6 steel with fraction of loading strain at slow )
strain rate is shown in Fig.15. 'Ihe tests conducted at IH1 in water containing 8 or 0.8 ppm
DO are also included in the figure.

The ANL and IHI results are in complete agreement. However, the data for tests in water
with either F or K waveforms appear to have a different trend than that for A106-Gr B steel.
The results indicate that a slow strain rate near peak compressive strain causes a significant
reduction in fatigue life, in high-DO water, fatigue hves for specimens with waveforms F or K
are lower by a factor of =2 than those for the fast / fist tests (waveform A). For A106-Gr B
steel, fatigue lives for tests with waveforms A. F, or K are =1900 cycles. This apparent
disagreement may be attributed to the effect of strain rate. Both A302-Gr B low-alloy steel
and A333-Gr 6 carbon steel exhibit a strain rate effect, e.g., fatigue life of the steel in air
decreased =20% when the strain rate decreases from 0.4 to 0.004 %/s. In Fig.15, the
decrease in fatigue life from A to A' is most likely caused by the effect of strain rate. If each
portion of the loading cycle above the threshold strain is equally damaging, the decrease in
fatigue life due to environmental effects should follow line A'BC when a slow rate is applied
near peak tensile strain and line A'DC when it is applied near peak compressive strain.

* Progress Report on Experimental Research on Fatigue L{fe in LWR Environrnent. May 1993 to September 1994,
prepared by Japanese EFD Committee. Thermal and Nuclear Power Engineering Society, presented at the
Pressure Vessel Research Council meetings in New York. October 1o-13.1994.
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Table 8. Fatigue test resultsfor A333-Gr 6 carbon steel at 288*C

Dissolved Conduct- Fraction of Stress Strain Life
aTest Environ- Oxygen pH Ivity Wave- strain at Range Range N25

Number ment (ppb) at RT (pS/cm) formb slow rate (MPa) (%) (Cycles)
,

1739 Air - - - A 0.0 882.9 0.809 9.483
1740 Air - - - B 1.0 936.8 0.808 7.665
1756 Air - - - E 0.500 967.4 0.808 10.156
1754 Air - - - F 0.500 963.2 0.806 6.696
1745 Air - - - J 0.125 961.3 0.808 8.519
1747 Air - - - K 0.125 964.6 0.810 6.537

*1746 HiDO 715 6.1 0.09 A 0.0 788.3 0.829 3,550
1748 HiDO 645 6.0 0.10 B 1.0 881.3 0.794 555
1755 HiDO 660 5.9 0.07 F 0.334 933.5 0.803 1.670 |

1758 HiDO 560 5.8 0.07 E 0.666 892.3 0.799 620
1750 HiDO 680 5.9 0.10 J 0.170 886.7 0.811 1.235
1751 HiDO 590 5.9 0.07 K 0.084 913.1 0.808 2.325

aRepresent DO levels in ellluent water. DO levels in supply water were 150-350 ppb higher.

A' E. J
,
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Figure 14. Fatigue life ofA106-Gr B carbon steel at 288*C and 0.75%
strain range in air and water environments under diferent
loading waveforms

The cyclic-hardening behavior of the steel is quite different than that of the ANL heat of
A106-Gr B carbon steel. Plots of cyclic stress range vs. fatig'le cycles for A106-Gr B and
A333-Gr 6 carbon steels tested in air at 288*C, total st. :In range of 0.75 or 0.80%, and strain

1' rates of 0.4 and 0.004 %/s are shown in Fig.16. 'lhe A333-Gr 6 steel lias a very low yield
stress and shows significant cyclic hardening during the entire test The A106-Gr B steel has,

.

a higher yield stress and exhibits a rapid cyclic hardening only du ring the initial 100 cycles.
The latter also shows some dynamic strain aging at slow strain rams. The microstructural
differences in the two steels caused by different waveforms may explain strain rate effects in
A333-Gr B steel.
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3 Environmentally Assisted Cracking of Alloys 600 and 690
in Simulated LWR Water

The objective of this work is to evaluate resistance of Alloys 600 and 690 to
environmentally assisted cracking (EAC) in simulated light-water-reactor (LWR) coolant
environments. High-nickel alloys have experienced general corrosion (tube wall thinning) and
localized intergranular attack (IGA) and stress corrosion cracking (SCC) in LWRs. Secondary-
side IGA * and axial and circumferential SCC ** have occurred in Alloy 600 tubes at tube
support plates in many steam generators. Primaty-water stress-corrosion cracking (PWSCC)
of Alloy 600 steam generator tubes in pressurized water reactors (PWRs) at roll transitions and
U-bends and in tube plugs *** is a widespread problem that has been studied intensively.
Cracking has also occurred in Alloy 600 and other high-nickel alloys (e.g., Inconel-82 and
-182 and Alloy X750) used for applications such as (a) instrument nozzles and heater thermal
sleeves in the pressurizert and penetrations for control-rod-drive mechanisms in reactor
vessel closure heads in the primary system of PWRstt and (b) in dissimilar-metal weldments
between SS piping and low-alloy steel nozzles, in jet pump hold-down beams,ttt and in
shroud-support-access-hole coversa in BWRs. Alloy 600, in general, undergoes different
thermomechanical processing for applications other than those used for steam generator
tubes. Because environmental degradation of the alloys in many cases is very sensitive to
processing, further evaluation is needed even for SCC. In addition, experience strongly
suggests that materials that are susceptible to SCC are also susceptible to environmental
degradation of fatigue life and fatigue-crack-growth properties. |

In this investigation, we have obtained preliminary information on the effect of
temperature, load ratio, and stress intensity on EAC of Alloys 600 and 690 in simulated BWR
and PWR water. CGRs of these materials have been compared with those of Type 316NG and
sensitized Type 304 SS under conditions where EAC occurs in all materials.30

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

During this reporting period, microstructures and tensile properties of several heats of
Alloys 600 and 690 were determined. Compact-tension specimens were fabricated from the
various materials for fracture-mechanics CGR tests in simulated LWR environments.

i

*USNRC Information Notice No. 91-67, " Problems with the Reliable Detection of Intergranular Attack (IGA) of |Steam Generator Abing." Oct.1991.
**USNRC Information Notice No. 90-49, " Stress Corrosion Cracking in PWR Steam Generator Tubes."

Aug.1990; Notice No. 91-43, "Recent Incidents invoMng Rapid Increases in Primary-to-Secondary Ink
Rate." July 1991; Notice No. 92-80 " Operation with Steam Generator Tubes Seriously Degraded." Dec.
1992; Notice No. 94-05. " Potential Failure of Steam Generator Tubes with Kinetically Welded Sleeves."
Jan.1994.

***USNRC Information Notice No. 89-33, " Potential Failure of Westinghouse Steam Generator Tube Mechanical
Plugs," March 1989; Notice No. 89-65 " Potential for Stress Corrosion Cracking in Steam Generator Tube
Plugs Supplied by Babcock and Wilcox." Sept.1989; Notice No. 94-87. " Unanticipated Crack in a Parucular
Heat of Alloy 600 Used for Westinghouse Mechanical Plugs for Steam Generator Abes." Dec.1994.

iUSNRC Information Notice No. 90-10. " Primary Water Stress Corrosion Cracking (PWSCC) of Inconel 600."
Feb.1990.

iflNPO Document SER 20-93 "Intergranular Stress Corrosion Cracking of Control Rod Drive Mechanism
Penetrations." Sept.1993.

iiiUSNRC Information Notice No. 93-101. " Jet Pump Hold-Down Beam Failure." Dec.1993.

,
SUSNRC Information Notice No. 92-57. " Radial Cracking of Shroud Support Access Hole Cover Welds." Aug.

' 1992.
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3.1.1 Material Characterization

Characterization of the various heats of Alloys 600 and 690 obtained for corrosion-fatigue
testing was completed. The heat identification numbers, product form, and source of
materials for fabrication of IT-compact tension specimens are given in Table 9.

Table 9. Productform and source ofAlloys 600 and 690

Material lieat No. Material Condition Product Form Source

600 NX8844D-33 Annealed 872*C/1 h 1.0-in.-thick plate EPRia

600 J422 Mill Annealed IT-CT specimens Metal Samples Co. |

600 NX8197 Mill Annealed 1.0-in.-thick plate A. M. Castle & Co.

600 NX8844J-26 Annealed 1038'C/1 h 1.0-in.-thick plate EPRI

600 NX8844G-3 Hot Worked 982'C. 1.0-in.-thick plate EPRI

20% Reduction

690 NX866211G-33 Annealed + 715*C/5 h 1.34-in.-thick plate INCO Alloys Intl., Inc. !
|

690 NX8625HG-21 Annealed + 715*C/5 h 1.34-in -thick plate EPRI |

690 NX8244HK-1A Annealed 982*C/1 h 1.0-in.-thick plate EPRI

690 NX8244HK-1B Annealed 1093'C/l h 1.0-in.-thick plate EPRI

aNumerous heats of Alloys 600 and 690 were fabricated by INCO Alloys International. Inc.. Ifuntington, WV,
for the Electric Power Research Institute (EPRI). Palo Alto, CA, which provided materials for this study.

The chemical composition of the materials is given in Tables 10 and 11. Tne tensile
properties of cylindrical specimens in air at 25, 290, and 320 C and a strain rate of
1.0 x 10-4 s-1 were determined in accordance with ASTM Standard E8. Vickers hardness was
measured at room temperature, and average grain size of the various heats of Alloys 600 and
690 was determined following the procedure in ASTM Standard El12. The results for Alloy
600 and 690 are given in Tables 12 and 13, respectively. Properties obtained from certified
material test reports (CMTRs) supplied by the vendors or documentation obtained from the
EPRI are also included in Tables 12 and 13. Data for annealed specimens tend to follow a
Petch relation, i.e., oy = on + k d-1/2, where oy is the yield stress, d the grain diameter, k an
empirical constant, and og the " friction" stress, which is a measure ofintrinsic resistance of the
material to dislocation motion. The dependence of yield stress of annealed Alloy 600 (Heat
NX8844) and 690 (Heat NX8244HK) specimens at 25, 290, and 320 C on average grain size is
shown in Fig.17 Photomicrographs that were used to determine the grain size of the various
heats of Alloys 600 and 690 are shown in Figs.18 and 19, respectively.

A small section of each material was used to prepare metallographic specimens to -

determine qualitatively the degree of grain boundary carbide coverage by optical
metallography. Specimens were polished to a 0.25- m diamond finish with Struers DP-Spray,
and a Vickers hardness indentation was made to provide a reference point for subsequent
examination to reveal the carbide distribution and grain boundaries after different chemical
etching methods. The specimens were electroetched in a 10% H PO4 solution at =10 V for )3

-25 s, rinsed in ethanol, and air dried. Photomicrographs that primarily reveal carbides |
present in the material were obtained at a magnification of 500X. The specimens were |
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repolished with 1.0 and 0.25-pm diamond spray, electroetched in a 5% nital solution (5 mL of
HNO3 n 100 mL ethanol) at -10 V for -35 s, rinsed in ethanol, and air dried. The specimensi;

were photographed once again at a magnification of 500X in the same location with the aid of ,

the hardness indentauon to better reveal grain boundaries and obtain a qualitative estimate of
the extent of carbide precipitation thereon. i

| Photomicrographs of the five heats of Alloy 600 (=0.06 wt.% carbon) in Figs. 20-24
indicate either semicontinuous or continuous carbide precipitation at the grain boundaries |

plus a significant amount of intragranular carbide. Photomicrographs of the four heats of -
Alloy 690 (=0.03 wt.% carbon) in Figs. 25-28 reveal continuous precipitation of carbides at the
grain boundaries with relatively few intragranular carbides. The precipitate phases present in
Alloys 600 and 690 are Cr-rich M7C3 and M23Cs carbides and TIN. In general, the
microstructures are consistent with the thermomechanical processing histories and carbon
concentrations vis-a'-vis the solubility of carbon in the materials! (Fig. 29). Namely,
according to these carbon solubility data, none of the materials was annealed at a temperature
high enough to dissolve all of the carbon in the grain matrix (Alloy 690,>1200 C and Alloy
600,>1080 C); consequently, carbides are present on grain boundaries as well as within the
grains, in particular, Alloy 600 which contains -0.06 wt.% carbon. ;

,

3.1.2 CGRs of Mill-Annealed Alloy 600 and Thermally Treated Alloy 690
in HP Water at 289 and 320 C

Corrosion-fatigue experiments are being conducted on mill-annealed Alloy 600 (Heat No.
NX8197) and mill-annealed plus thermally treated Alloy 690 (NX8662HG-33) specimens in HP
water to investigate the effects of dissolved oxygen and hydrogen in water and temperature on
CGRs of these materials. These specimens have a similar grain size (Figs.18e and 19a) and
both have a continuous carbide distribution along grain boundaries (Figs. 22 and 25),
although Alloy 690 contains few intragranular carbides. At 290-320 C, the ultimate tensile
and yield strengths of these heats of Alloy 600 and 690 are =660 and 321 and 600 and
235 MPa, respectively.
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Table 12. Tensile properties of Alloy 600 in variolis heat-treatment conditions

Alloy 600 Material Condition Test Spec. Temp. o oy 2: RA Hardnessa Hardness ASTMu

Heat No. No. No. (*C) (MPa) (MPa) (%) (%) ' (VN) (Rb) Grain Size

NX8844B-33 Annealed 872*C/l h b b- 25 748.8 339.9 35.5 - - 90 7.5

NX8844B-33 Annealed 872*C/l h T19 B33-05c 25 714.9 333.2 39.6 66.9 91 - 8

NX8844B-33 Annealed 872*C/l h T8 B33-03c 290 686.1 282.6 38.6 61.1 - - -

NX8844B-33 Annealed 872*C/l h T10 B33-04c 320 680.6 282.6 39.1 55.5 - - -

J422 Mill Annealed b b 25 722.6 273.0 40.0 - - 87 -

J422 Mill Annealed T20 IN-05c 25 732.8 370.7 39.2 64.5 93 - 7

J422 Mill Annealed T9 IN-03c 290 699.4 313.7 40.1 53.5 - - -

J422 Mill Annealed T11 IN-04e 320 697.9 311.3 39.0 53.9 - - -

NX8197 Mill Annealed b b 25 683.3 256.5 42.0 - - 81 -

NXa197 Mill Annealed T7 197-04c 25 683.9 373.6 42.2 64.4 90 - 6

y NX8197 Mill Annealed T12 197-05c 25 685.4 392.8 41.6 64.9 - - -

NX8197 Mill Annealed T3 197-02c 290 668.1 316.9 46.8 62.2 - - -

NX8197 Mill Annealed T5 197-03c 320 656.8 327.4 42.4 60.5 - - -

NX8844J-26 Annealed IO38*C/1 h b _b 25 694.3 298.6 41.0 - - 86 4

NX8844J-26 Annealed 1038'C/1 h T21 J26-05c 25 653.5 245.5 49.2 61.1 87 - 4

NX8844J-26 Annealed 1038'C/l h T23 J26-06c 290 637.8 234.0 45.2 53.3 - - -

NX8844J-26 Annealed 1038*C/1 h T25 J26-07e 320 r/19.4 246.8 45.8 48.9 - - -

NX8844G-3 Hot Worked 982*C. b b 25 697.8 355.1 38.5 - - 85 2.5
20% Reduction

NX8844G-3 Hot Worked 982*C. T13 G3-05c 25 666.4 - 335.3 43.5 56.9 90 - 2
20% Reduction .

NX8844G-3 Hot Worked 982*C. TIS G3-06c 290 630.1 292.2 44.1 53.5 - - -

20% Reduction

NX8844G-3 Hot Worked 982*C. T17 G3-07c 320 630.3 297.0 44.9 54.9 - - -

20% Reduction
"Vickers hardness at room temperature. 500 gf.15 s.
bResults from vendor (EPRI document or cert 18ed material test reports).
Crensile tests conducted in air at a strain rate of 1.0 x 104 s-l.

!
l

i

_ _ _ . _.



}

Table 13. Tensile properties of Alloy 690 in various heat-treatment conditions

Alloy 690 Material Condition Test Spec. Temp. ou cy Et RA Hardnessa liardness ASTM

Heat No. No. No. (*C) (MPa) (MPa) (%) (%) (VN) (R ) Grain Sizeb

NX866211G-33 Annealed + 715*C/5 h b _b 25 670.2 291.7 43.5 - - 82 5

NX866211G-33 Annealed + 715*C/5 h T6 liG-03c 25 683.8 292.1 48.7 63.2 96 - 5

NX8662 HG-33 Annealed + 715*C/5 h T2 HG-O le 290 601.2 237.1 49.7 61.6 - - -

NX866211G-33 Annealed + 715'C/5 h T4 HG-02c 320 598.8 232.3 50.7 62.8 - - -

NX862511G-21 Annealed + 715*C/5 h b b 25 660.5 268.9 48.0 - - 82 4

NX862511G-21 Annealed + 715"C/5 h T27 G21-03c 25 641.8 297.0 56.4 75.2 86 - 5

NX862511G-21 Annealed + 715'C/5 h T28 G21-04c 290 570.9 225.2 56.0 58.8 - - -

NX8625HG-21 Annealed + 715*C/5 h T29 G21-06c 320 567.8 220.4 56.9 61.3 - - -

NX824411K-1 A Annealed 982*C/l h b b 25 665.0 245.2 51.0 - - 78 -

NX824411K-1 A Annealed 982*C/l h T14 KI A-03c 25 647.7 256.3 56.9 75.2 82 - 5

N NX82441tK-1 A Annealed 982*C/1 h T16 EIA-04c 290 569.8 195.4 58.5 71.8 - - -

NX824411K-1 A Annealed 982*C/l h T18 KI A-05c 320 572.2 196.4 58.2 71.7 - - -

NX8244 HK-1B Annealed 1093*C/1 h b _b 25 602.8 212.3 59.0 - - 70 -

NX8244HK-1B Annealed 1093*C/l h T22 KiB-05C 25 592.2 215.6 70.5 71.6 80 - 2

NX8244 flK-1 B Annealed lO93*C/l h T24 KlB-06c 290 504.9 145.2 70.6 68.1 - - -

NX8244HK-1B Annealed 1093*C/l h T26 KIB-07c 320 499.4 150.9 67.1 67.3 - - -

aVickers hardness at room temperature. 500 gf.15 s.
bResults from vendor (EPRI document).
Crensile tests conducted in air at a strain rate of 1.0 x 104 s-l.
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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 >l MeV). The
general pattern of the observed failures indicates that as nuclear plants age and neutron
fluence increases, various apparently nonsensitized austenttic SSs become susceptible to
intergranular failure. Some components (e.g., BWR control blade handle and sheath) are i

known to have cracked under minimal applied stress. Although most failed components can !
be replaced, some safety-significant structural components (e.g., BWR top guide, shroud, and
core plate) would be very diffleult or impractical to replace. Therefore, the structural integrity
of these components after accumulation of high fluence has been a subject of concern, and

Iextensive research has been conducted to provide an understanding of this type of
degradation, which is commonly known as irradiation-assisted stress corrosion cracking
(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.
liowever, in direct contradiction of the earlier beliefs and initially encouraging test results
obtained from high-purity (IIP) Type 348 austenitic SSs, investigators in recent years have
found that resistance of 11P heats of'lype 304 and 348 SS (Iow in Si, C. P and S contents) to
IASCC failure is no better than that of commercial-purity (CP) materials, based on results from |

SSRT and in-reactor tests. Thus, the mechanisms of IASCC appear to be far from established.

In general, heat-to-heat variation in susceptibility to IASCC has been observed to be very
significant regardless of material grade, even among similar flP materials containing virtually
identical chemical compositions. 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 Cr
depletion is the only important mechanism ofIASCC. Although significant grain-boundary Cr
depletion is believed by most investigators to play a role, it has been suspected that other
important 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 overk>oked by most investigators. Trace elements are typically associated with
iron- and steelmaking processes and with fabrication and welding of actual reactor
components. Some investigators suspect that hydrogen plays an important role through a yet-
to-be-identified synergism in the process of IASCC, and other investigators suspect that
degree of metastability of various heats of austenitic SS plays an important role via a yet-to-
Se-identified process.

In the present reporting period, our primary effort has been focused on determining the
effects of water chemistry on susceptibility to IASCC of BWR components irradiated in several
BWRs. Effects of DO over the range <0.002 to -8 ppm in simulated BWR water at 289 C on
IASCC were determined in slow-strain-rate-tensile (SSRT) tests on several heats of lip and CP
Type 304 SS specimens from neutron-absorber rod tubes and a control-blade sheath
irradiated to fluences to 2.4 x 1021 ncm-2 (E > 1 MeV). The dependence of intergranular
stress corrosion cracking (IGSCC) on DO was somewhat different for the lip and CP materials.
Percent IGSCC on the fracture surface of lip heats was less influenced by DO and was higher
than that of CP material for all DO and fluence levels. IGSCC of CP material was negligible for
a DO <0.01 ppm or an ECP <-140 mV SliE. Grain-boundary compositions of alloying and
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Impurity elements determined by Auger electron spectroscopy (AES) were correlated with
susceptibility of the BWR components to IASCC.

4.1 Effects of Water Chemistry on IGSCC of Irradiated Austenitic SSs
(H. M. Chung, W. E. Ruther, and A. G. Hins)

4.1.1 Introduction

The observation that IGSCC of nonirradiated thermally sensitized material and irradiated
solution-annealed material exhibit a similar dependence on DO (e.g., see Ref. 32) has
convinced many investigators that grain-boundary Cr-depletion is the dominant mechanism
for IASCC. However, the data base for effects of water chemistry on IASCC is sparse: in
particular for BWR-irradiated components fabricated from CP-grade Type 304 SS.33-35
Results from a limited number of SSRT tests suggest that the threshold electrochemical
potential (ECP) and DO to protect against IASCC are <-140 mV SHE33 and <0.01 ppm 34.35
respectively, for CP-grade Type 304 SS components. Threshold values obtained from untaxial
constant-load tests 36 were consistent with the SSRT results.

However, results of SSRT tests on BWR-Irradiated rod-shape tensile specimens fabricated
from numerous CP and lip heats of Types 304 and 316 SS indicate significant heat-to-heat
variations in not only susceptibility to IASCC but also in its dependence on water chemistry.37
We have also reported a strong heat-to-heat variation in IGSCC susceptibility of BWR
components fabricated from several HP and CP heats of Type 304 SS at a single water
chemistry, i.e., DO of =0.3 ppm and ECP of =60-150 mV SHE.38 39 In this study, the effects of
water chemistry were investigated for a wider range of DO (=0.001 to =8 ppm) and ECP (-600
to +300 mV SHE). The objective was twofold: (1) to better define the effects of water chemistry
on susceptibility of HP and CP Type 304 SS BWR components to IASCC, and thereby provide
an independent confirmation of the protection potential, and (2) to provide insight into the
origin of significant heat-to-heat variation in susceptibility to IASCC. Initial results of the
investigation were reported previously.40 Additional SSRT results and a correlation of IGSCC
susceptibility with grain-boundary microchemistry are presented.

i

|

4.1.2 Experimental Procedures |

Materials and Irradiation

A description and procedures for hot-cell SSRT tests were given in a previous report.40
Cylindrical SSRT specimens Of 89-mm length were sectioned from top , middle . and bottom-
axial positions of the BWR neutron absorber rods listed in Table 14. Boron carbide was
removed with an impact / rotary drill. The fast neutron fluence and chemical composition of
the three HP and two CP heats of Type 304 SS are also given in Table 14. The fast (E > 1 MeV)
neutron fluence of the HP and CP heat neutron-absorber tube specimens irradiated in four
different BWRs ranged from 0.2-2.6 x 1021 n cm-2,

SSRT Tests

SSRT tests were conducted in air (Table 15) and in simulated BWR water containing DO of
=8 ppm (Table 16), =0.3 ppm (Table 17), a0.02 ppm (Table 18), and <0.003 ppm (Table 19) at
289 C at a fixed strain rate of 1.65 x 10-7 s-l. Dissolved-oxygen content in water was
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Table 14. Chemical composition (in tot.%) andjluence of HP and CP Djpe 304 SS
BWR components

Heat Source Service Fluence
ID No. Cr Ni Mn C N B St P S Code Reactor (1021 n em-2)

HP304-A 18.50 9.45 1.53 0.018 0.100 <0.001 <0.03 0.005 0.003 NATA BWR-B 0.2-1.4
HP304-B 18.30 9.75 1.32 0.015 0.080 <0.001 0.05 0.005 0.005 NATA BWR-B 0.2-1.4
HP304-CD 18.58 9.44 1.22 0.017 0.037 0.001 0.02 0.002 0.003 NATA BWR-B 0.2-1.4
HP304-CD 18.58 9.44 1.22 0.017 0.037 0.001 0.02 0.002 0.003 NATA BWR-QC 2.0

CP304-A 16.80 8.77 1.65 0.08b 0.052 - 1.55 0.045b 0.030b NATc BWR-Y 0.2-2.0
CP304-B 18-20 8-10.5 2.00b 0.08b - . 1, cob 0.045b o.03ob CBsd BWR-LC 0.5-2.6
aHigh-purity 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.
CCommercial-purity absorber tubes. OD = 4.78 mm. wall thickness = 0.79 mm. composition after Irradiation.
dCommercial-purity control blade sheath, thickness 1.22 mm. actual composition not measured.

controlled by purging deaerated feedwater with a mixture of nitrogen and oxygen gases and
was measured at the effluent side by the ChemetricTM color-matching technique. Effluent
ECP values were determined by sequential measurements on working electrodes of
nonirradiated Type 304 SS and platinum. The reference electrode located at the outlet of the
autoclave was 0.lM kcl /AgCl/Ag. When the stainless steel ECP was stabilized, then SSRT
test was initiated. During the test, ECP was measured periodically until the specimen
fractured. For most of the tests, ECP remained fairly constant; h0 wever, a gradual increase in
ECP by as much as =30% was observed in some tests. For each SSRT test, average ECP and
DO, conductivity, and pH of the feedwater are listed in Tables 16-19.

Table 15. Results of tensile testsa in air on irradiated Djpe 304 SS BWR core-internal
components at 289 C

Source Fast- Tenstle Properties

IIcatb Neutron Hot Cell Specimen Failure Max. Yield Total
Ident. Fluence Ident. Ident. SSRT Time Stress Stress Elong. IG
No. (n em-2) No. No. No. (h) (MPa) (MPa) (%) (%)

CP304-A 2.0 x 1021 389E3A Bl BWR 2H IR-9 228 631 595 13.5 0
CP304 A O.6 x 1021 389E2D BL-BWR-2M IR-3 580 465 221 34.8 0
CIG04 A O.2 x 1021 389EIA BleBWR-2L IR-2 260 390 184 15.6 0

IIP 304-A 1.4 x 1021 406AIF VII-A7A-L2 IR-5 93 786 702 5.6 0
HP304-CD 0.7 x 1021 406C3 VM@5B-L2 1R-6 405 684 591 24.2 0 l

IIP 304-A O.2 x 1021 406B3 Vira 4C-L2 IR 10 231 607 460 13.7 0

CP304 B 2.45 x 1021 ISC-1 C71U IR 15 123 830 820 7.3 0
CP304 B 2.54 x 1021 grs.4 C7tr IR-13 121 876 815 7.2 O
CP304-D 1.59x 1021 IEC-7 C7 FIT IR-19 203 792 666 12.0 0
CP304 B 1.17x 1021 14 S-9 C7FIM7 IR-21 136 777 736 7.5 0
CP304-B 0.53x 1021 IEC-Il C7M2K 1R-23 361 644 570 21.4 0
CP304-B 0.23x 1021 IIS-5 C7B1W IR 17 574 577 360 34.1 0

aTests in air at 289"C and strain rate of 1.65 x 10-7s-1

Post-Test Examination

The fracture surfaces of SSRT specimens were analyzed by scanning electron microscopy
(SEM) to determine quantitatively the fraction of intergranular (IG) fracture morphology
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Table 16. SSR'In test results on irradiated HP and CP 'nype 304 SS BWR neutron-absorber tubes in HP water -t

containing ~8 ppm DO at 289*C ,

Feedwater Chemistry SSRT Parameters !
Source Fast-

f
,

Heat Neutron a-7 Swagelok Oxygen Average Cond. pH Failure Max. Total
Ident. Fluence hot cell Ident. SSRT Conc. ECP at 25'C at 25'C Time Stress Elong. TGSCC IGSCC

No. (n-cm-2) Ident. No. No. No. (ppm) (mV SHE) ( S em-l) (h) (MPa) (%) (%) (%)

HP304-A 1.4 x lO21 AGA2-1 32 IR-41 8.3 +156 0.120 6.35 31.9 414 - 1.90 2 56 !

HP304-A 1.4 x IO2I A6A2-2 33 IR-42 8.2 +267 0.118 6.48 31.9 372 1.89 3 68
,

HP304-B 1.4 x 1021 473A-1 47 1R-43 8.9 +165 0.118 6.49 31.8 - 453 1.88 O 59

HP304-CD 1.4 x 1021 473C-1 42 IR-44 8.2 +122 0.084 6.80 29.2 360 1.73 3 62

HP304-D O.7 x 1021 473D-1 38 IR-53 8.2 +155 0.119 6.49 55.8 445 3.3 - -

:

CP304-A O.2 x 1021 389Cl-1 28 IR-51 8.0 +164 0.098 6.09 153.0 310 9.1 47 O

CP304-A O.6 x 10 1 389C2-1 20 IR-45 8.2 +131 0.083 6.80 154.3 359 9.2 55 22

CP304-A 2.0 x 1021 389C3-2 27 IR-52 7.9 +178 0.066 7.06 43.5 390 26 3 52
'

aStrain rate of 1.65 x 10-7 s-1 t
,

$ Table 17. SSRTu test results on irradiated Type 304 SS BWR core-internal components in simulated BWR .

t

water containing =0.3 ppm DO at 289'C 1

Fast- Feedwater Chemistn SSRT Parameters

Source Neutron a-7 Oxygen Average Cond. Failure Max. Total I

Heat Fluence Hot Cell Specimen SSRT Conc. ECP at 25*C pH "nme Stress Elong. TGSCC IGSCC t

ident. No. (n cm-2) Ident. No. Ident. No. No. (ppb) (mV SHE) (pS cm-1) at 25*C (h) (MPa) f%) (%) (%) ;

CP304-A 2.O x 1021 389E3D BL-BWR-2tl IR-12 300 90 0.13 6.27 21 415 1.2 8 28

CP304-A 0.6 x 1021 389E2A BL-BWR-2M IR-8 290 76 0.15 6.32 140 359 8.3 55 0 i

CP304-A O.2 x 1021 389EID BleBWR-2L IR-1 280 115 0.13 6.23 107 337 6.7 43 0 ?

IIP 304-A 1.4 x 1021 40 Galls VII A7A-L1 lit-4 280 100 0.10 6.28 11 417 0.6 2 58 [

HP304-CD 0.7 x 1021 406C2 VM-DSB-LI IR-7 280 148 0.12 6.26 31 552 1.8 8 34

HP304-A 0.2 x 1021 406B2 Vira 4C-L1 IR-il 330 88 0.14 6.33 77 520 4.6 47 14 |

f

CP304-B 2.26 x 1021 LSC-2 C71X 1R-16 310 - 0.12 6.23 74 841 4.2 2 3 i

fCP304-B 2.64 x 1021 LCS-3 C72S IR 14 320 - 0.11 6.25 84 843 5.0 2 4

CP304-B 1.53x 1021 LCS-8 C7TIJ IR-20 360 - 0.11 622 101 872 6.1 3 6 j

[CP304-B 1.15x 1021 LSC-10 C7 TIM 8 IR-22 360 - 0.11 628 79 815 4.7 5 4

CP304-B 0.50x 1021 LCS-12 C7M2L IR-24 325 - 0 08 6.38 290 '657 18.1 O O j

CP304-B 0.20x 1021 LSC-6 C7BlX IR-18 310 - 0.11 6.24- 457 572 27.1 8 0 !

astrain rate of 1.65 x 10-7s-l.
, f

i
;
e
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Table 18. SSRTu test results on irradiated HP and CP Type 304 SS BWR neutron-absorber tubes in HP water
containing 4.02 pprn DO at 289*C

Source Fast- Feedwater Chemistry SSRT Parameters
llent Neutron a-7 Swagelok Oxygen Average Cond. Failure Max.
Ident. Fluence flot Cell Ident. SStrr Conc. ECP at 25*C pli Time Stress "ITISCC IGSCC
No. (n em-2) Ident. No. No. No. (ppm) (mV SilE) (pS cm-1) at 25*C (h) (MPa) (%) (%)

IIP 304-B 1.4 x 1021 B6A2-3 49 IR-59 0.023 -28 0.063 7.06 71.6 833 - -

CP304-A 2.0 x 1021 389D3-1 24 IR-58 0.015 -265 0.063 7.06 89.1 607 7 2

abtrain rate of 1.65 x 10-7 s- l .

Table 19. SSRTu test results on irradiated HP and CP Djpe 304 SS BWR neutron-absorber tubes in HP water
containing <0.003 pprn DO at 289 C

Scurce Fast Feedwater Chemistry SSRT Parameters

Ileat Neutron a-y Swagelok Oxygen Average Cond. Failure Max. Total

g Ident. Fluence Hot Cell Ident. SSRT Conc. ECP at 25'C pli Time Stress Elong. 1TISCC IGSCC

No. (n enr-2) Ident. No. No. No. (ppm) (mV SilE) (pSem-1) at 25'C th) (MPa) (%) (%) (%)

IIP 304-CD 1.4 x 1021 473C-2 43 IR-55 0.001 -413 0.062 7.20 95.2 725 5.7 10 7

11P304-B 1.4 x 1021 473A-2 48 IR-54 0.001 -567 0.062 7.20 103.1 757 6.1 8 6

ffP304-CD 1.4 x 1021 473B-1 44 IR-56 <0.003 ,319 0.061 7.47 GG.4 703 3.9 7 18

CP304-A 2.0 x 1021 389F3-1 40 IR-57 <0.002 -409 0.0G2 7.47 115.5 654 6.9 8 2

CP304-A 2.0 x 1021 389F3-2 39 IR-510 0.001 -395 0.062 7.01 97.4 GG1 5.8 - -

cStrain rate of 1.65 x 10-7s-l .

_ - _ - - _ . - _ - _ _ _ _ _ - _ _ _ - - . - _ _ _ _ _ _ _ _ . _ _ _ _ - _ - . - - _ - _ - - - _ _ - _ _ - _ _ _ - _ _ _ - - _ - - _ - . - _ . .-



(percent IGSCC). Fractography by SEM was conducted at a magnification of ~125X, and an
entire fracture-surface composite was constructed for each specimen to determine the
fractions ofIG, transgranular (TG), and ductile failure. Stereo fractographs at a magnification
of 300-500X were obtained from several regions ofIG fracture to determine three-dimensional
topography of the fracture surface. Grain-boundary microchemistry was analyzed with a
JEOL Company JAMP-10 Model scanning Auger microscope (SAM) on specimens charged with
hydrogen and fractured in-situ in the ultrahlgh vacuum of SAM.38 39 Regions ofIG fracture in
several SSRT specimens were selected and sputtered with Ar lons to conduct depth-profile
analyses ofimpurities beneath the IG fracture surface.

4.1.3 Results

Susceptibility to IGSCC

in Fig. 30, effects of DO on percent IGSCC are shown for HP (HP304-A, B, and CD) and
CP (CP304-A) neutron-absorber tubes irradiated to =1.4-2.0 x 1021 n cm-2 Percent IGSCC
vs. DO (~0.02-32 ppm) for CP Type 304 SS dry tubes, reported by Kodama et al.,34.35 are also
shown in Fig. 30 for comparison. The results for two types of BWR tubes fabricated from CP
Type 304 SS and irradiated to =1.3-2.0 x 1021 n cm-2, i.e., neutron-absorber tubes in this
study and dry tubes in the work of Kodama et al., appear to be quite similar. A strong effect of
water chemistry is evident for all types of BWR components shown in Fig. 30. .
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However, the dependence of percent IGSCC on DO for neutron-absorber tubes fabricated
from HP heats appears to be different from those of the tubes fabricated from CP materials in
several aspects. Namely, for a comparable fluence level, susceptibility of the HP absorber
tubes to IGSCC seems to be less dependent on DO than the CP tubes: however, IGSCC
susceptibility of the HP absorber tubes seems to be significantly higher than for the CP
absorber tubes regardless of DO and fluence levels.

Similar trends are also obvious from Fig. 31, in which the dependence of percent IGSCC
on ECP is shown for data obtained from BWR components irradiated to fluences of =1.4-2.4 x
1021 n cm-2 In the figure, results obtained for CP 304 SS by Indig et al.33 (BWR sheet,
iluence =1.9 x 1021 n cm-2) and in the present investigation (BWR absorber tube, fluence
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l

=2.0 x 1021 n cm-2) appear to be comparable, whereas the degree ofIG cracking of HP 304 SS !
absorber tubes does not decrease as rapidly with a decrease in ECP as for the CP materials. |
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Figure 32 shows the dependence of ECP of a Type 304 SS versus an 0.lM kcl /AgCl/Ag
electrode located at the effluent of a small SSRT autoclave on DO concentration in the
simulated L3WR water. The present data lie within the two lines in the flgure that encompass
similar results from tests on nonirradiated Type 304 SS.
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Approximate Crack Growth Rate

An intergranular CGR was estimated from the SSRT data by a procedure similar to that of
Jenssen and Ljungberg.37 In the present study, the rate was estimated only for neutron-
absorber tube specimens in which a through-wall IG crack had been confirmed by SEM
fractography. For such specimens, the depth and time of 1G crack propagation can be
determined fairly accurately from the fracture-surface map and load-elongation curve,
respectively. CGRs determined by this method are listed in Table 20 and plotted as a function
of ECP in Fig. 33. Values determined from SSRT data of Jenssen and Ljungberg 37 and
Kodama et al. 34.35 and constant-load data of Katsura et al.36 are also shown in the flgure.

37 NUREG/CR-4667. Vol. 20



Table 20. Intergranular CGRfrom SSIG tests on irradiated Type 304 and 316 SS BWR core-
intemal components in simulated BWR water at 289 C

Source Fast Feedwater Chemistry SSRr Parameters

Heat Neutron Oxygen Failure Max. IGSCC IGSCC Intergranular
ident. Fluence SSRT Conc. Ave. ECP Time IGSCC Penetration Depth CGR

No. (n ents) No. (ppm) (mV SHE) (h) (%) (%) (mm) (10-a m s-l)
CP304-A* 2.O x 102i IR 12 0.30 90 21.0 28 100 0.79 1.04
CP304-A 2.0 x 102' 1R-52 7.9 178 43.5 52 100 0.79 0.51

HP304-Ab 1.4 x 102: IR-4 0.28 106 11.2 58 100 0.63 1.56

HP304-CD 0.7 x 102' IR 7 0.28 148 31.0 34 100 0.63 0.56
HP304-A 1.4 x 102' IR-41 8.3 156 31.9 56 100 0.63 0.55

2HP304-A 1.1 x 10 ' 1R 42 8.2 267 31.9 68 100 0.63 0.55
HP304-B 1.4 x 102i IR-43 8.9 165 31.8 59 100 0.63 0.54
HP304-CD 1.4 x 1021 1R 44 8.2 122 29.2 62 100 0.63 0.60

aCommercial-purity Type 304 SS wall thickness 0.63 mm. tested at a strain rate of 1.65 x 10-7 s- l .
bifigh-purity Type 304 SS. wall thickness 0.79 mm. tested at a strain rate of 1.65 x 10-7 s-l.

Results in Fig. 33 indicate that intergranular CORs estimated from SSRT and constant-
load tests on BWR components are similar (=1 x 10-8 m s-1) for a similar range of fluence and
ECP. In the work of Indig et al. 33 the exact depth ofIG penetration in the specimens was not
reported; consequently, estimates of CGRs similar to those in Table 20 cannot be made. ;
A CGR of-1 x 10-8 m s-1 was estimated based on SSRT data given in Ref. 33. However, the '

CGRs obtained from SSRT data of Jenssen and Ljungberg for BWR-irradiated rod-shape
specimens 37 are lower by more than an order of magnitude than those estimated from
specimens sectioned from BWR components,
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The strain rate in the investigation of Jenssen and Ljungberg 37 was significantly lower
(i.e., 5 x 10-8 s-1) than in the work of Kodama et al. (2.5 x 10-7 s-1) and in the present
investigation (1.7 x 10-7 s-1). According to a correlation between CGR and crack-tip strain
rate for nontrradiated sensitized Type 304 SS developed by Andresen and Ford,32 this increase
in strain rate would produce higher CGRs by factors of-1.5-2. Indig et al.33 reported minimal
effects of strain rate (3.7 x 10-7 - 1.8 x 10-7 s-1) on IASCC of irradiated BWR components
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? h

1

I- (percent IGSCC vs. ECP shown in Fig. 31). Therefore, we believe that strain rate alone cannot
j account for the large difference in CGRs shown in Fig. 33. ;

i

However, the effect of stress intensity on CGRs of nonirradiated sensitized Type 304 SS -<

has been reported to be far more significant.32 At this time, it is not clear whether CGRs of
,

; reactor component materials are more dependent on component fabrication variables and
| differences in irradiation conditions than on factors such as stress intensity and strain rate. !
j Stress intensity is not likely to have been comparable in these tests, and a more accurate [
; comparison would be possible if CGRs were obtained under conditions of constant stress !

] intensity. '

i i

]
4.1.4 Discussion ;

i
; Threshold ECP i

P

| A threshold ECP of <-140 mV SHE to suppress IASCC in the CP material is consistent !
I with the results of Indig et al.33 However, the contrasting dependence ofIGSCC of HP and CP
j materials on water chemistry (DO and ECP) was unexpected. To obtain a better !
j understanding of the peculiar behavior of HP neutron-absorber tubes, grain-boundary

'

' microchemistry determined by AES was correlated with the IGSCC susceptibility of materitd !
irradiated to 1.4-2.4 x 1021 n cm-2 and tested in simulated BWR water containing =0.3 and )

| 8 ppm DO (Tables 17 and 16, respectively). The results, some of which have been reported .

! elsewhere,38.39.41 are summarized in Figs. 34-39.

1
Role of Cr Depletion

,

I The HP-grade neutron absorber tubes are characterized by more pronounced grain-
! boundary Cr depletion than that in the CP-grade absorber tubes or sheath. This is shown in
j Fig. 34 in which the percent IGSCC of three BWR components, irradiated to a comparable

fluence level (1.4-2.4 x 1021 n cm-2), is plotted as a function of grain-boundary Cra

j concentration. We believe the lower grain-boundary Cr concentration in HP materials is
associated with a higher susceptibility to IASCC. However, it is difficult to explain the:

| contrasting behavior of HP and CP materials to water chemistry solely on the basis of grain-
i boundary Cr depletion. Likewise, it is also difilcult to explain certain important and well-
1 known characteristics of IASCC on the basis that grain-boundary depletion of Cr plays a
; primary role, e.g., a strong heat-to-heat variation in susceptibility among heats of virtually

identical chemical composition 42 and the significant cracking susceptibility observed after
; irradiation at lower temperatures of =5043 and =200 C.44
.

t

5 Role of Ni

A higher Ni concentration on grain boundaries appears to be conducive to suppression ofe

IASCC (Fig. 35). This is qualitatively consistent with an observation reported by Cookson et
al.44 It seems that a lower Ni concentration tends to increase metastability of grain
boundaries in austenttic SSs. ;

1

|

39 NUREG/CR-4667, Vol. 20 |
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Role of Li and B

The results in Fig. 36 suggest that resistance to IASCC correlates well with intensities of
Auger electrons that give rise to a characteristic peak at 58 eV (i.e., secondary peaks of Ni and
Li). The origin of the peak, which exhibited a characteristic shape similar to that of L1 but
different from that of Ni, was examined extensively in a previous report.39 From the
examination, it was concluded that at least some portion of the peak height was produced by
Li impurity contained in the irradiated BWR materials. 'Iherefore, the results in Figs. 35 and
36 indicate that higher concentrations of Ni and Li, and hence B (which produces Lt by
transmutation by thermal neutrons), are beneflcial in suppressing IASCC.

Role of N

We have reported evidence of grain-boundary segregation of N in neutron-absorber tubes
fabricated from two heats of HP material (i.e., HP304-A and -CD) that were tested in this
study.39 in Fig. 37, susceptibility to IGSCC is plotted as a function of grain-boundary
concentration of N in BWR-irradiated materials investigated in this study. Based on the
flgure, a higher concentration of N on grain boundaries seems to be deleterious to resistance to
IASCC, a finding consistent with that reported by Kasahara et al.45
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Role of V

Evidence of a correlation between IGSCC and V has been reported previously.46
Figure 38 shows percent IGSCC of BWR materials investigated in this study as a function of
relative concentration of V on grain boundaries. The figure indicates that a higher
concentration of V on grain boundaries decreases resistance to IASCC.
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Role of F

The results in Fig. 39 indicate that a higher level of F on grain boundaries in HP absorber
tubes (higher than in the CP tubes or sheath) is associated with higher susceptibility to
IASCC.41 Inadvertent contamination of reactor components by fluorine could occur during
pickling (in a solution containing HF) in the case of tubular components such as neutron-
absorber-rod tubes, and by an F-containing weld flux in the case oflarge welded components
such as BWR core shrouds and certain older top guides. The deleterious effect of F on SCC ,

'

appears to be consistent with the presence of F lons in water, Ward et al.47 reported that F
lons at concentrations of si ppm in water produced IG cracking to varying degrees in
nonirradiated sensitized Types 304,316, and 348 SS.

k
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The HP absorber specimen that exhibited a surprisingly high susceptibility to IGSCC of
=18% at a very low DO of =0.002 ppm (Fig. 30) and ECP of -320 mV SHE (Fig. 31) was
examined in detail by AES. The distribution of IG fracture-surface morphology of this
specimen is shown schematically in Fig. 40. An IG region on the specimen (Spot D5 in the
figure) was sputtered to a depth of ~60 nm, and AES spectra were obtained as a function of

,

depth from the IG fracture surface that was produced in 289 C water during an exposure
period of =GO h. From the AES spectra, unexpected distributions of F. Ca, B, Zn, and Al were
noticed (Fig. 41). The following can be deduced from the element distributions shown in the
figure: (1) Al was used as a deoxidizer during melting of the HP-grade SS and Ca could have
originated from CaF2 that may have been used as flux in melting HP SS, (2) F is present
intermittently near the IG fracture surface covered with ~15-nm-thick oxide layer, (3) F Ca,
and Al near the fracture surface dissolved in water at 289 C, (4) the IG fracture surface picked
up B and Zn from the water, and (5) there is no indication of clustering or interaction among
the above elements. The observation of F in the region close to the IG fracture surface of |
Fig. 40 seems to be consistent at least with the results of Fig. 39.

DO and ECP Dependence of HP Tubes

| Ward et al.47 reported accelerated IGSCC of nonirradiated thermally sensitized bend l

specimens or weldments of CP-grade Type 304 SS that were contaminated with F. F-assisted )
IGSCC was less sensitive to DO than was classical IGSCC of thermally sensitized F-free
specimens, which is similar to the IGSCC dependence of HP neutron-absorber tubes on DO
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and ECP observed in the present investigation. In view of this similarity and the results of
Fig. 39, the behavior of the HP absorber tubes can be best explained on the premise that in the
case of a low DO and ECP, the concentration of Cr ions dissolved in water would be very low or
negligible, and the catalytic role of F promotes anodic dissolution of Fe at the crack tip.40
Under conditions of high DO and ECP, the concentration of Cr ions dissolved in water would
be relatively high, and the catalytic etTect of F could be suppressed because F lons in water will
be trapped by formation of the nonlabile ligand complex CrF(H2O)5.40

Role of inclusions

On fresh fracture surfaces produced in-situ in hydrogen-charged HP absorber-tube
specimens in the ultrahlgh vacuum environment of the scanning Auger microscope, numerous
spherical inclusions =500 nm in diameter were observed, as shown in Fig. 42. Results of
analysis by AES revealed two types ofinclusions; MnS and Cus. The former was rich in V and
F [(MnV)(SF)-type], and the latter was rich in Mo, V Ca F. C, and N [CuMoVCa)(SFCN)-typel.
These sulfide inclusions, which apparently formed during the steelmaking process, seem to
trap F in the material. This is shown more quantitatively in Fig. 43. Minor impurities that
have low solubility (e.g., S and F) tend to segregate to grain boundaries or are scavenged by
inclusions. Therefore, inclusions seem to play an important but indirect role by trapping both
beneficial and detrimental impurities.

Numerous shallow cracks were observed perpendicular to the direction of tensile stress on
the outer surface of the tube shown in Figs. 40 and 41 (Fig. 44A). At higher magnification
mostly transgranular fracture was observed on the crack surface (Fig. 44B). Frequently,
relatively large inclusions were also observed on surfaces of shallow cracks, indicating that
initiation of brittle shallow cracks was promoted by inclusions. Analysis by AES showed that
these inclusions are oxycarbides rich in Fe, Al, Ca, and S (Table 21). In some instances, a
transition from transgranular to intergranular fracture occurs.
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Figure 44. (A) Morphology of shallow cracks on outer surface of
HP absorber tubes irradiated to 1.4 x 1021 n cm-2 and
tested in water containing =0.002 ppm DO and (D)

inclusions associated with shallow outer surface cracks

Table 21. Composition (in at.%) determined by AES ofinclusions in
association with shallow outer surface cracks in Fig. 44(B)

inclusion S C Ca O Cr Fe Ni Al

L1 before 2 57 4 15 - 10 - 12
sputter
L1 after

1 58 3 13 - 6 - 18
sputter

IAA 4 49 2 15 15 2 14

IAB 3 37 2 14 2 28 5 11

IAC 4 48 2 14 - 18 5 10

MI 4 34 1 12 4 23 7 16

M2 1 20 2 23 3 1 51
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5 Summary of Results

5.1 Fatigue of Ferritic Steels

Fatigue behavior of A106-Gr B carbon steel and A533-Gr B and A302-Gr B low-alloy ;

steels has been investigated in air and water environments. The results conflrm the significant
reduction in fatigue life in high-DO water and a strong dependence on strain rate. 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. The A106-Gr B
and A302-Gr B steels exhibit dynamic strain-aging, whereas strain-aging effects are modest in
A533-Gr B low-alloy steel.

In air environment, fatigue life of carbon and low-alloy steels depends on temperature,
strain rate, and sulflde morphology, Fatigue life in room-temperature air is either comparable
to or slightly longer than in air at 288 C. Some heats exhibit an effect of strain rate; life

decreases with decreasing strain rate. The A302-Gr B steel showed a strong effect of material i

orientation; relative to rolling direction, fatigue life in the transverse orientation is lower by a
factor of-5 at 0.4%/s and a factor of =12 at 0.004%/s strain rate.

Environmental effects on fatigue life are significant when five conditions are satisfied
simultaneously, viz., applied strain range is above a minimum threshold level, strain rate
<1%/s, temperature 2150 C, DO 20.05 ppm, and sulfur content in steel >0.003 wt.%. For
both carbon and low-alloy steels, the results indicate only a marginal effect of simulated PWR
environment on fatigue life, e.g., fatigue life is lower by a factor of $2 than that in air.
Furthermore, fatigue life is independent of strain rate; a three-order-of-magnitude decrease in
strain rate does not cause an additional decrease in life. The results also indicate that modest
decreases of fatigue life in simulated PWR water are valid for high-sulfur steels (e.g., A302-
Gr B steel with 0.027 wt.% S) that exhibit enhanced crack growth rates in precracked
specimens. At room temperature, life in water is 30-50% lower than in air.

For high-DO water (0.5-0.8 ppm) the effects of various loading and environmental
parameters on fatigue life of carbon and low-alloy steels are summarized below.

(1) A slow strain rate applied during the tenstle-loading cycle is more effective in
environmentally assisted reduction in fatigue life than when applied during the
compressive-loading cycle. Also, a slow strain rate applied during both tenstle- and
compressive-loading cycles does not cause a further decrease in fatigue life.

(ii) Fatigue life decreases rapidly with decreasing strain rate. For the ANL heats of A106-Gr B
and A533-Gr B steels, the effect of strain rate saturates at =0.001%/s.

(iii) A minimum strain is required for environmentally assisted decrease in fatigue life. For
the loading conditions used in the present study, this threshold strain range appears to
be -0.36% for the heats of carbon and low-alloy steels investigated.

(iv) The results also indicate that a slow strain rate applied during each portion of the tensile-
loading cycle above the threshold strain is equally efTective in decreasing fatigue life.
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(v) A detailed metallographic examination of the test specimens and 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
erwironment, cracks in carbon and low-alloy steels nucleate either along slip bands, at
carbide particles, or on ferrite / pearlite phase boundaries.

5.2 Environmentally Assisted Cracking of Alloys 600 and 690
in Simulated LWR Water

Several heats of Alloy 600 and 600 were characterized for corrosion-fatigue testing.
Tensile properties of cylindrical specimens were determined in air at 25, 290, and 320 C and
Vickers hardness and average grains size were measured at room temperature. In general, the
tensile properties at 25 C were consistent with those in certified material test reports supplied
by vendors and documentation obtained from the Electric Power Research Institute, Palo Alto,
CA, who provided 1-in.-thick plates of several heats for fabrication of compact-tension
specimens. The dependence of yield stress of annealed Alloy 600 and 690 specimens on
average grain size tends to follow a Petch relation, i.e., oy = oi + k.d-1/2, where cy s the yieldi
stress, d the grain diameter, k an empirical constant, and on the " friction" stress, which is a
measure ofintrinsic resistance of the material to dislocation motion.

Metallographic specimens were prepared to determine qualitatively the degree of grain-
boundary carbide coverage by optical metallography. Specimens were polished to a diamond
finish, and a Vickers hardness indentation was made to provide a reference point for
subsequent examination after different chemical etching methods. Polished specimens were
electroetched in a 10% H PO solution and photographed at 500X to reveal carbides present in3 4

the material. Then the specimens were repolished and electroetched in a 5% nital solution
and photographed at the same magnification and in the same location with the aid of the
hardness indentation, primarily to reveal grain boundaries. The two microphotographs of each
specimen provided a qualitative estimate of the extent of inter- and intragranular carbide
precipitation. Five heats of Alloy 600 exhibited either semicontinuous or continuous carbide
precipitation at grain boundaries plus a significant amount of intragranular carbide. Four
heats of Alloy 690 revealed continuous precipitation of carbides at grain boundaries and
relatively few intragranular carbides. According to published information, precipitate phases
in Alloy 600 and 690 are Cr-rich M C and M23 e carbides and TIN.7 3 C

Fracture-mechanics crack-growth-rate tests are being conducted at 289 and 320 C on
compact-tension specimens of mill-annealed Alloy 600 and thermally treated Alloy 690 in
oxygenated water and in deacrated water containing B. Li, and dissolved H2 at low
concentrations.

5,3 Irradiation-Assisted SCC of Type 304 SS

Effects of dissolved oxygen (DO) in water and electrochemical potential (ECP) on
susceptibility of commercial-purity (CP)'lype 304 SS BWR neutron-absorber tubes to IASCC
in slow-strain-rate-tensile (SSRT) tests in simulated BWR water at 289 C were similar to those
of other CP-grade Type 304 SS BWR components reported in a previous investigation.
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Threshold values of DO and ECP to mitigate IASCC of CP-grade materials were confirmed,
namely, <0.01 ppm and <-140 mV SHE, respectively.

Susceptibility to IASCC in SSRT tests on high-purity (HP) specimens of Type 304 SS
fabricated from BWR components differed from that of CP materials. Namely, the
susceptibility of HP heats was less dependent on water chemistry (DO and ECP). This can be
explained best by the premise that at low DO and ECP, where the concentration of Cr ions
dissolved in water should be negligible, the catalytic role of F promotes anodic dissolution of
Fe at the crack tip. HP-grade neutron-absorber tubes were considerably more susceptible to
IASCC than were CP tubes or control-blade sheaths: HP materials were characterized by lower
concentrations of Cr, Ni, and Li and higher concentrations of F. V, and N on grain boundaries
than those of CP-grade components, indicating that higher levels of Cr, Ni, and B and lower
levels of F, V, and N in these steels tend to suppress IASCC. Inclusions in the materials
formed during the steelmaking process can play an indirect but important role by trapping
detrimental and beneficial impurities or by promoting crack initiation at surfaces in contact
with water.

Intergranular crack growth rates estimated from our SSRT and constant-load tests on
BWR-irradiated component materials are similar to those obtained at other laboratories, but
the rates are significantly higher than those estimated from SSRT data on test specimens
irradiated in BWRs. The origin of this discrepancy is not clear at present, although differences
in stress intensity levels in the specimens may be an important factor.
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